
 

 

 

 
 

 

Radiation exposure to personnel 
during fluoroscopic procedures  

 

Strålningsmiljö för personal under genomlysningsarbete 

 
Olof Eriksson 
 

 

Faculty of Health, Science and Technology 
Physics, bachelor degree project 
22.5 ECTS credits 

Supervisor: Jonas Söderberg 

Examiner: Marcus Berg 

June 2018 



Radiation exposure to personnel during

fluoroscopic procedures

Eriksson, Olof
Supervisor: Söderberg, Jonas
Co-Supervisor Berg, Marcus

June 27, 2018



Abstract

There are about 17 million X-ray procedures performed in Sweden every
year. Various methods are used to determine the risk for the patient, and for
the sta�. The objective of this project was to map X-ray scatter coming out
of a patient as a result of interactions between the radiation and body tissue
during certain medical procedures that involve fluoroscopy. Flouroscopy is a
type of X-ray imaging method that generates a moving picture which allows
an operator to view in-body procedures live. A successfully created map of
the radiation field can work as a tool for risk analysis concerning the dose
of radiation of which the medical sta� is exposed to, this parameter will
later be described as the e�ective dose (E). The e�ective dose is a tool for
assessment of the risk of developing lethal cancer due to radiation exposure.
This report will also investigate the radiation that reaches the eye lens of
the sta�, since the maximum recommended dosage for the eye lens has been
lowered recently when it was discovered that the eye lens was more sensitive
to radiation than previously known [2]. In this report data was collected
from radiation exposure situations, and it was concluded that distance is
a good protector against radiation, which agree well with theory discussed
in the report. Another theory which was discussed in the paper states that
positions behind the X-ray tube will be exposed to the highest amount
of radiation, this was also proven. The measured data from investigating
protective equipment showed that the equipment in place was e�ective.
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1 Introduction

During X-ray diagnostics, ionizing radiation is used to see through tissue. This
is an essential tool during certain medical procedures involving fluoroscopy, which
is when the operator gets a moving picture of the procedure within the patient.
Fluoroscopy is a common tool even though not risk-free since the usage of ionizing
radiation may put the sta� at risk for health related complications due to repeated
and sometimes prolonged exposure.

The time for medical procedures which involve fluoroscopy varies from a couple
of minutes to as much as few hours. Hourly exposure times put both the patient
and sta� at risk for acute radiation damage. For the patient the most common
acute radiation damage is skin necrosis [3], while for the sta� the complications
mostly concerns the eye lens. The probability to develop lethal cancer increases
for both patient and sta� with increased exposure time.

The project aims to get a better understanding of the radiation dosage which
the medical sta� is exposed to. To do this an anthropomorphic phantom was
exposed to X-ray radiation and the scattered radiation was measured at certain
coordinates within the room and at di�erent heights.

1.1 Goal

The object of this project is to investigate the radiation field around the patient.
By measuring radiation at certain heights and positions within the room the aim
is to collect data to create a map of the radiation distribution as well as to calcu-
late doses and evaluate risks at di�erent positions and heights. Calculations will
concern dosage for personnel and the e�ciency of various protective equipment
with an additional focus on the dosage around the eye level.

This mapping could be used both for educational purposes as well as risk
assessment for the sta� within the room. With the aid of a map of radiation field
in the operating room, the radiation dosages can be approximated depending on
position within said room, and in turn determine what kind of precautions are
necessary to take in order to ensure sta� safety. The time frame for this project
was 3/4 of a semester, the first month was mainly spent researching the essential
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concepts of medical physics and imaging. The second month was spent planning
measurements as well as performing said measurements, and the last month was
spent analyzing and visualizing this data. The report was written and re-rewritten
continuously throughout the project.

1.2 Risk-analysis

Ionizing radiation may be harmful to all living things. However in the human
body, absorption of energy or decay is common, i.e.. there is about 40 Bq/kg
(decays/second·mass) coming from 40K within our bodies, which accumulates to
about 0.2 mSv each year [1].
Other natural sources of radiation are for example: the cosmic background radi-
ation and the radiation from the bedrock. These are natural sources of radiation
and sum up to about 1 mSv per year [1]. Besides the natural radiation, there
are additional sources of radiation around us, for example: building material in
houses, medical diagnostics or treatments, and from nuclear power plants or in-
dustries, these sources sums up to about 3 mSv per year. This leaves a sum of the
combined sources of radiation to approximately 4-5 mSv annually for the average
Swedish citizen. [1]
For people that are exposed to radiation during work, the e�ective dose should not
exceed 100 mSv during five years or 50 mSv for any one year during that period
[1].
As discussed in the introduction, when the energy of ionized radiation is deposited
within body tissue complications can occur. Acute radiation damage is such that
occurs from prolonged, 1-2 hours, exposure of lower X-ray intensity or of very high
intensity for a short amount of time (e.g cancer radiation treatment). In the X-ray
energy spectra, acute damages is only due to prolonged exposure and the most
common complication is skin necrosis, usually for radiation doses > 2000 mGy
[3]. Another risk of ionizing radiation exposure which is commonly discussed is
the probability to develop fatal cancer. Biological damage may occur directly or
indirectly.

Direct damage is when the radiation damages the DNA through a direct depo-
sition of energy in the DNA molecule, and indirect damage is when the radiation
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deposits energy in the surrounding tissue, which may cause for example free rad-
icals to form which in turn may alter the structure of the DNA-molecule. Both
kinds of damage could be irreversible, and may cause tissue or cellular damage,
or even cancer. By studying how ionizing radiation deposits or releases energy in
various kinds of matter, acceptance limits can be imposed in order to reduce the
risk of future complications for both the patient and the sta�. As a product of an
increase in reported eye cataracts among the sta�, the International Committee
for Radiological Protection (ICRP) lowered the maximum recommended eye lens
dosage from 150 mSv to 20 mSv. A cataract induced from excessive radiation can
take several years to surface [Boal2013]. The biological e�ect of radiation is both
deterministic and stochastic, and the risk for severe complications increase with
increased level of radiation intensity. [1]

When it comes to planning protection in general against radiation important
aspects to consider are

• What kind of particles and the energy of the radiative source
• How much time spent in the radiation field
• The distance between the sta� and the radiative source

However, concerning medical X-ray imaging many of these factors are well
known, for example the kind of particles is always photons, and the energies are
below 150 keV [3].

The interacting matter is body tissue (and the operating table, mattress, and
possibly pillows).

The exposure time varies with the complexity of the procedure. The exposure
rate of radiation decreases with distance and this is why distance is important to
keep in mind when trying to minimize radiation exposure [3]. Radiation in X-ray
situations decreases with 1/(distance)a, where a varies with the size of the body
volume (a=2 for a point source) [3]. However a human body is much bigger than
a point source and conclusively the behavior of the scattered radiation will behave
di�erently than a point source, i.e. measurements within 1 m from the patient are
not expected to follow the inverse quadratic law behavior, further away from the
radiated body the exposure rate cane be expected to follow the inverse quadratic
law. However while radiation exposure is lower further away from the radiated
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body, during fluoroscopic procedures the operator must stand next to the patient,
and keeping distance from the radiation source to protect oneself is not possible.

The direction of the radiation is more complex and harder to predict, although
one can expect the radiation to be higher when standing behind the X-ray tube.
This is because the backscattering will be greater since the photons with backscat-
tering angles might after their first interaction leave the radiated body. Non-
backscattering angles will make the scattered photons penetrate deeper into the
radiated body, where some will experience a backscattering angle on the second
interaction or some photons will go all the way through and some will deposit their
energy within the body, which is why the radiation away from the X-ray tube will
be lower.[3]

Settings on the X-ray machine such as kV and mA are the most concrete
contributors to the radiation dosage, but these are a�ected by for example the
thickness of the patient, e.g a thicker patient contains more mass which in turn
leads to the need of a higher intensity to create an image.

Parameters like the attenuation in the mattress and the table also contribute to
the dosage. Other factors related to the equipment that contribute to the radiation
are for example the filter, the field of exposure, and the sensitivity of the detector.

Some of these factors are alterable and might be changed to minimize the
radiation, however most are factors which are determined by either the procedure
or the equipment, and thus the need for radiation protection and knowledge of the
radiation distribution is essential.

The most common precautions taken are protective apparel made of heavy
metal elements, which due to their high Z has a very high probability to fully
absorb the photon energy. This protective equipment are usually in the form of
lead aprons, lead glasses, lead thyroid shields as well as lead curtains that can be
used to shield against ionizing radiation.

4
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2 Background

2.1 Generating X-ray photons.

The energy distribution of X-ray photons is a result of bremsstrahlung (which
is German for “braking radiation”) as well as characteristic radiation for the in-
teracting element. The term bremsstrahlung originates from the phenomenon of
when an electron is deaccelerated by the Coulomb force between the electron and
the positively charged nucleus of atoms in the anode.[1] The combination of char-
acteristic radiation and bremsstrahlung generates the spectrum of X-ray photons
show in figure 1.

Figure 1: X-ray spectrum generated by the combination of bremsstrahlung and char-
acteristic radiation.

The generation of X-ray photons starts in the cathode of the X-ray tube, which
resembles the wiring of an incandescent light bulb. A filament current, i

f

, gen-
erates heat in a filament wire, which is usually made out of tungsten. The heat
creates electron di�usion around the filament. A strong electric field liberates and
accelerates the excited electrons towards the positively charged anode. Here two
di�erent things can happen, either the electrons hit and excite an inner-shell elec-
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tron of the medium, which causes characteristic radiation, or they enter in close
proximity of the nucleus which results in bremsstrahlung. Characteristic radiation
makes one of the outer shell electrons fall to a lower shell which causes a change
in binding energy that generates an X-ray photon. Bremsstrahlung is a result of
the Coulomb force from the medium in the anode acting upon the accelerated
electron due to their opposite charges. This causes the electron to deaccelerate.
The change of momentum generates an X-ray photon. [1]
The distance, r, between the incoming electron and the anode determines the
energy of the photon. The shorter r is, the more the Couloumb force will attract
the electron, hence the change of the trajectory will be greater with the attracting
force slowing down the electron more, this results in change of momentum which
is related to the energy of the photon. The energy of the photon is determined by,

hf = hc

⁄

= E

i

≠ E

f

(1)

where E

i

stands for the initial kinetic energy of the electron, and E

f

stands for
the final kinetic energy.

Figure 2: Accelerated electrons trajectory altered, causing change in momentum which
generates an X-ray photon

If the circles shown in figure 2 delineate the circumference band surrounding the
positively charged nucleus, that band will have the length 2fir, and an arbitrary
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width dr. It follows that a larger r will comprise a bigger circumference around the
nucleus. The further away from the nucleus the electron passes, the less attraction
from the Coulomb force the electron will experience which indirectly determines
the energy of the resulting X-ray photon, i.e. the further away from the interacting
nucleus the lower the energy of the resulting photon. From this reasoning it can
be concluded that the probability for the electron to pass at a distance r is pro-
portional to 2firdr which means that there is a higher probability that low energy
photons will be generated than high energy photons since 2fir

2

dr > 2fir

1

dr.
For traditional X-ray single imaging diagnostics the lowest energy photons are

screened by a thin sheet of copper or aluminum. This filter is usually in the range
0.1-0.3 mm for copper and 2-4 mm for aluminum. Due to their low energy these
photons will not be able to penetrate the object and therefore not contribute to the
final image, and thus would subject the patient to unnecessary radiation exposure,
however the lowest energy photons which do penetrate the object contribute to
the contrast of the image. For fluoroscopic procedures, this filter is usually up to
0.9 mm of copper.

The anode is a rotating plate usually made of tungsten. The common use of
tungsten in this context is due to its high heat endurance with a melting point at
3643 K [1] as well the high atomic number of tungsten, Z=74, since nuclei with
a high Z have a large positive charge which is essential for a high bremsstrahlung
exchange. The rotation of the plate spreads out the heat generated from the
electrons. Radiation that does not leave the aperture is captured in the housing.
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Figure 3: Electrons from the filament, accelerated by the tube voltage , u
t

, towards
the anode generating X-ray photons

The tube voltage setting, u

t

, is usually in the interval 30-150 kV [3] and is
what liberates the electrons and provide them with kinetic energy, thus indirectly
determine the energy of the X-ray photons. In X-ray diagnostics a spectrum of
di�erent energies is used, since di�erent energies bring di�erent qualities to the
image. For the operator of a single image X-ray machine it is a balancing act to
be able to make sure that the detector gets enough signal in order to create an
image with enough detail, without exposing the patient to unnecessary radiation.
During single image X-ray diagnostics this is done by altering two parameters, the
voltage which determines the energy spectrum of the photons as well as the time
for exposure. However, most fluoroscopic X-ray machines is using an automatic
exposure making sure the image quality is su�cient while minimizing the radiation
exposure. The automatic exposure is calibrated by the machine by the feedback
which is received in the detector, i.e. if the signal is too strong the machine lower
the intensity and vice versa. The feedback is directly related to the amount of
tissue which is to be penetrated.

8
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2.2 About Fluoroscopy

Fluoroscopy is used for in-body procedures where it is important for the operator
to keep track of what is happening, and where the medical instruments are within
the body. Obviously it takes a few pictures to make a moving image, usually 2-30
frames per second, fps, is used. In order to lower the dose it is obviously better
to take fewer pictures, 7.5-15 is recommended[3]. By some quick calculations, for
a 10 minute procedure, with a 15 fps setting, would generate 9000 images. With
that many images, it is desirable to use less X-ray photons not to put the patient
at severe risk of radiation induced complications. Therefore during a fluoroscopic
procedure an image intensifier is used, which enables one to use less X-ray photons.
This principle will be illustrated by describing one type image intensifier in more
detail. This image intensifier consists of an input screen, a photocathode, an
electric field, and a phosphorous anode.

Figure 4: Image intensifier, liberated electrons are accelerated in a magnetic field
towards a phosphorous anode, a zoomed in image of the caesium iodide crystal layers
show how the photons travel along the pillar structure

9



Radiation exposure to personnel during fluoroscopic procedures Eriksson,O

X-ray photons enter the image intensifier through a thin sheet of metal, usually
aluminum. The aluminum sheet is a protective capsule, and its purpose is to keep
air and moisture out without attenuating too many photons. The next part of
the input screen is crystal structure, usually made of caesium iodide crystals,
here the X-ray signal is converted to light photons. The crystal layer is formed
like pillars or needles giving them good properties to transport the photons while
preserving their spatial information by limiting their lateral scattering, i.e. up and
down in Fig 4. After the photons pass through the crystal they excite electrons
in a photocathode which is the final layer of the input screen. These electrons
are accelerated through electronic lenses which creates an electric potential and a
focus point before the anode: the output phosphor. This is usually made out of
zinc cadmium sulfide (ZnCds), which inhabits fluoroscopic properties [3]. When
the electrons hit the fluorescence material it emits visible light in the form of an
exit image that is viewed by a camera. There are many other types of image
intensifiers, but this one explains the principle well.

2.3 Interaction

Ionizing radiation, is a carrier of energy and interacts with matter in various ways.
At energies relevant for medical X-ray, up to 150 keV, the three dominating inter-
actions are [1],

• Compton scattering
• Coherent scattering

These are two di�erent types of scattering, there is also

• Photoelectric e�ect

which is a form of absorption. A short clarification of these terms is needed due
to their essential involvement in X-ray imaging.

• Compton scattering:

When an incoming photon collides with an electron, a part of the photon’s
kinetic energy is transferred to the electron. This is called Compton scattering,

10
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and since all the energy is conserved this is proof that photons not only exist but
also have momentum, even though they have no mass. If the incoming photon have
the wavelength ⁄, the resulting wavelength and thus energy can be determined by

E

⁄

Õ = E

⁄

1 + (1 ≠ cos(◊)) E

⁄

m

e

c

2

(2)

Where E

⁄

Õ is the energy of the resulting photon, E

⁄

is the energy of the incoming
photon. This accurate formula was derived by O.Klein and Y.Nishina by studying
relativistic and quantum mechanical e�ects, which will be further discussed at the
end of chapter 3.1 [21].

The scattering angle for the electron is < ± 90¶, while the scattering angle for
the photon, ◊, which is a function of the cross section also discussed in chapter
3.1, can take any value. ◊ > ±90¶ is called backscattering.

Figure 5: Compton scattering: incoming photon collides with electron.

In fluoroscopy, the Compton scattering will be the dominant interaction for
the photons leaving the patient. The scattered photon can continue to interact
until the attenuation is total or the photon leaves the patient or is fully attenuated
within the body [3].

11
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• The photoelectric e�ect:

The photoelectric e�ect, P.E, is when all of the kinetic energy of a photon is
transfered to an atom causing an electron to be liberated, i.e.. ionizes the atom.
The kinetic energy of the emitted electron is calculated by,

E

kinelectron

= hc

⁄

photon

≠ E

binding

(3)

The binding energy of the valence electrons is usually small, i.e. E

photon

∫
E

binding

. Note that if the emitted electron is one from the inner shells, the result
includes characteristic radiation which would generate a new photon, this is also
true for Compton scattering. Both of these particles have the potential to interact
within the body again.

• Rayleigh scattering:

Rayleigh scattering is also known as coherent or classical scattering, is when the
incoming photon excites the entire atom. This is common for low-energy X-ray
diagnostics around 15-30 keV [3]. The photon energy causes an oscillation of the
electron cloud around the photon, this energy is radiated as a new photon with
the same energy as the incoming photon.

• Interaction in medical X-ray situations

After the photons leave the X-ray tube and reach the tissue of the patient, the
interaction between the ionizing radiation and the tissue starts. In fact, without
this interaction there would be no X-ray image [3]. i.e. it is the interaction in the
body which translates into the information that is sought. The interaction is a
complex and somewhat unpredictable process and to discuss it further some basic
concepts about attenuation and scattering are needed.

• Attenuation:

Attenuation is the decrease of intensity, i.e.. removal of photons from the initial
beam, that the radiation undergoes as it moves through matter. Attenuation is
due to interaction between the radiation and the medium. For example, if the

12
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all the photon energy would be deposited within the body tissue, the attenuation
would be complete. Another example is by studying the amount of photons coming
in, and then examining how many photons and the intensity they have after their
first interaction. Attenuation is caused by both absorption and scattering which
are both a�ected by two major material characteristics:

• The atomic number, Z

• The density of the material

as well as the incoming photon energy.
Materials with high Z have positive charge and high density. Due to the high

density, there are more particles available for interaction in shorter distances, and
therefore the attenuation will be higher in a piece of material with high Z than an
equally sized piece of a low Z material.

Materials that consists of atoms with a high number of free electrons usually
have a lower binding energy for each electron, making them more adaptable for
interaction. These materials tends to have high density and high Z, which also
increases the attenuation.

In the energy range of X-rays relevant in fluoroscopy, attenuation is due to
absorption as well as the two types of scattering previously mentioned. Absorp-
tion is when the radiation does not leave the radiated body because its energy is
absorbed causing ionization or excitation. It is noteworthy that very low-energy
photons leaving the body may not be detectable causing them to fall in to the
absorbed category, even though they have not been absorbed at all.

2.4 Attenuation coe�cient

For very short distances the attenuation can be approximated as linear, however
for the general case it is described as

I = I

0

e

≠µx (4)

where I

0

is the incoming intensity, µ is the linear attenuation coe�cient and x is
the depth within the tissue. Through this formula a Half Value Layer, HVL, can
be calculated, by rearranging eq. 4,

13
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I

0

2 = I

0

e

≠µxHVL =∆ ln(1
2) = ≠µx

HVL

≈∆ x

HVL

= ln 2
µ

(5)

We can get the x that represents how many millimeters of aluminum, mmAl, it
would take to decrease the radiation intensity by half i.e. HVL. The HVL is a good
approximation for many photons, however it would be impossible to determine for
a single photon due to the uncertainty if and what interaction will occur and also
which scattering angle it would have. From eq 5 it is clear that µ is an equivalent
description of the attenuation given by the HVL. The length µ is dependent of,
and proportional to the density of the material, i.e.

µ

water

> µ

ice

> µ

steam

(6)

[3] µ varies with the energy of the incoming photons, as we will see in later mea-
surements, and in figure 6.

14
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3 Method

3.1 Theory

First some central expressions in the topic of medical physics and dosimetry which
is essential for this project and used in calculation will be explained in more detail,
the absorbed dose is measured in Gy stands for Gray and is the amount of energy
absorbed per mass of body tissue, i.e.,

D

Ë J
kg

È
(7)

D stands for absorbed dose or radiation dose[1], and is measured in Gy. The
risk of damage induced by exposure depends on the type of radiation, w

R

, for
example for X-ray, —, or “-radiation w

R

= 1, while for neutron radiation w

r

=
5 ≠ 20 depending on the energy, and for –-radiation w

R

= 20 [3]. If this factor is
multiplied with D, we get the equivalent dose[1], i.e.

H = w

R

D [Sv] (8)

Note that H is given di�erent unit, Sv which stands for Sievert as opposed to
Gy.

If D is instead multiplied with the exposured area we get the dose area product,
or DAP. As the name suggest the dose-area product, is calculated by,

Dose · Area = DAP [Gy · m2]. (9)

Apart from the quality of radiation, di�erent organs have a di�erent sensitivity
for exposure of radiation, this factor is called the organ weight factor, w

T

which
sums up to one for the entire body. When w

T

is multiplied with H, the result is
what is called the e�ective dose[1], E.

E =
ÿ

j

w

T j

H =
ÿ

j

w

T j

w

R

D (10)

The e�ective dose is used to calculate the risk for developing lethal cancer as
well as the risk for hereditary damage.
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One of the most common quantities to measure is Kerma, or more specifically
collision Kerma in ai. Kerma is an acronym for “Kinetic energy released per unit
mass” [3]. Kerma specifies the amount of energy which is transfered from photons
to electrons per unit mass. There are two independent contributing factors to
kerma, the collision kerma k

col

and the radiative kerma k

rad

. The collision kerma
represents the production of electrons that transfer their kinetic energy as ioniza-
tion and excitation through interaction, and the radiative kerma represents the
production of photons which are generated through interaction [4]. The relation-
ship between D and the measured kerma, K is

D = K(1 ≠ g) (11)

Where g is the amount of energy which is transfered to electrons to in turn be-
come new bremsstrahlung, i.e. indirect ionization radiation. In the X-ray spectra,
K¥D [3]. The total kerma, K, is the sum of k

rad

and k

col

. In order to translate the
measured data into e�ective dose a conversion factor, E

c

is needed, which gives
us.

E = DE
c

(12)

For a monoenergetic beam Kerma can be calculated by [3]

K = �µ

tr

fl

(13)

which is analogous to another formula that is common in particle physics[8] [11],

R =photons that hit the target
time · ‡

area =

=photons that hit the target
time · area · ‡ = �‡ (14)

where � is the fluence [3], the relationship between � and � is

� = � · energy
photon = photons

area · time · energy
photon = energy

area · time (15)
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which makes � the energy fluence [3].
µ

tr

fl

is known as the mass energy transfer coe�cient, which is the mass at-

tenuation coe�cient, µ

fl

, multiplied with the fraction of kinetic energy which the

photons transfer to the interacting particles [3]. Tabulated data of µ

fl

is dependent
the theoretical values of ‡, which is the cross section per atom and their relation
is [5]

µ

fl

= ‡

uA

(16)

Where u is the atomic mass unit, and A is the relative atomic mass of the
target element [5]. Figure 6 shows how the mass attenuation coe�cient, varies
with di�erent energies in water, that is a good approximation for soft body tissue.
‡ represents the likelihood for interaction per atom, and is usually very hard and
complex to predict. In some sense ‡ is what is actually measured, since the output
is known and the rate is what the detector shows.

Figure 6: From: [10]. Mass attenuation coe�cient varies with the energy of the
incoming photons
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The energy dependence of the cross section for scattering photons calculated
by Klein and Nishina in 1928 shows that the scattering photons will be more
directed forward as the energy of the incoming photon increases, which means less
backscattering [21].

Figure 7: From: [21]. Forward scattering angles dominates for higher energies while
for low energies the likelyhood for backscattering and forward scattering is the same.

A first to describe the scattering e�ects was made by J.J. Thompson, this for-
mula showed by experiments only to be true for low energy collisions (see blue
line in figure ??). For higher energies Thompson’s formula had significant devia-
tions. By studying the relativistic and quantum mechanical e�ects in the collision
O.Klein and Y.Nishina derived equation 2 formula which was able to predict re-
sults of scattering experiments well ??. While the Klein-Nishina formula concerns
collisions between incoming photons and free electrons, which is a very di�erent
scenario to the complex geometry of body tissue which consists of many di�erent
compounds is still noteworthy since even at energies around 50 keV the e�ect is
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about 10%. The cross section energy dependence e�ect can be approximated by
comparing the energy of the photon to the resting energy of a free electron

E

“

m

e

c

2

= 50keV
511keV ¥ 0.0978 (17)
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3.2 Detectors

Three di�erent dosimeters was used to measure with, Raysafe Xi, Raysafe X2, and
a Solidose R100.

• Raysafe Xi

Created by Unfors, the Raysafe Xi is a common tool for measuring di�erent
types of radiation. It comes with many measuring probes, and the one which was
used for this project was the R/F detector. The R/F detector, is a silicon diode
based detector, can be used both for high and low intensity radiation with equal
or less than 5% uncertainty in the 40-150 kV spectra [15].

Figure 8: Unfors Raysafe Xi with R/F-detector.
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• Raysafe X2

The X2 is the sucessor of the Raysafe Xi. For this project the R/F detector
which works similiarly for the X2 as it does for the Xi [14].

Figure 9: Unfors X2 with R/F-detector.
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• Solidose R100

Solidose R100 is a photo diode detector is a traditional detector in this field. A
photo diode produces a current which is proportional to the intensity of the incom-
ing X-rays. Even though this model is about 20 years old it measures radiation
dosages with less than 3% uncertainty in the 50-150 kV spectra [17].

Figure 10: Solidose with R100 detector.
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3.3 Experimental setup

To better understand the radiation properties and distribution a few test mea-
surements were made with di�erent distances, heights, angles, and settings before
beginning the collection of the final data for the mapping. During the test mea-
surements it was determined that an e�cient way to measure was to set up a
physical coordinate system around the operating table containing a system of co-
ordinates at which radiation was to be measured. From this data the intent is to
create a map of radiation. Detectors were placed at di�erent heights representing
certain points of interest on the body.

1. Eyes 170 cm

2. Thyroid 155 cm

3. Breast 135 cm

4. Abdomen 110 cm

5. Gonads a 80 cm

6. Legs 55 cm
aAnother word for the reproductive glands,

which are sensitive to radiation.

Figure 11: Radiation at six di�erent heights were investigated

From these points the goal was to cover di�erent areas of interest, and attempt to
cover di�erent heights of the personnel. The legs are not very sensitive to radiation,
however to determine how much the operating table shields radiation as well as how
much is scattered from underneath the patient this was an important measuring
point. Investigating this point is also important since most of the radiation which
leaves the patient does so towards the direction of the X-ray tube, and during
fluoroscopic procedures, it is not uncommon to radiate from below the patient.
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To find out which coordinates were the most interesting to investigate, the
sta� was interviewed. From this information the plan was finalized. The actual
measurement had to be done over a few days, and to make sure that the coordinate
system was the same every time, big wooden boards with drawn coordinates system
were made and marked to reference points within the operating room.

Figure 12: Physical coordinate systems were made to minimize measurement errors
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3.4 The operating room

The operating room where the actual measurements were made uses a C-arm X-
ray device, which is moved by a robotic arm, see figure 14. The C-arm gets its
name from the characteristic C shape along which the X-ray tube and the detector
are arranged. The machine uses a feature called automatic exposure, where the
machine determines the necessary X-ray exposure parameters (kV,DAP) in order
to create a detailed image.

The patient is usually radiated from underneath the table, but the C-arm con-
struction enables radiation and imaging from all angles, which naturally will alter
the radiation distribution since the source of radiation is moved. The operating
room in question is mainly used for lower body procedures. Two of the common
procedures which are done in this room are

• Dialysis fistula:

Dialysis is the process of cleaning the blood of toxic molecules, this can be done by
attaching an artificial connection between for example an artery and a vein. [19].
A program called Dosewatch logs dosimetric values for certain procedures and the
average DAP for this procedure is, 350 µGy· m2

• PTC, percutaneous transhepatic cholangiography:

An examination of the structure of the bile ducts, which is a part of the intestines,
by using a contrast medium which is injected directly in to a hepatic duct, which
is a part of the liver [20], Dosewatch recorded average DAP for this procedure is
4200 µGy· m2.

An approximate of a yearly dosage for sta� involved for these procedures the
following formula was used,

E

year

= E

C

K

breast

DAP

procedure

DAP

exposure

· n (18)

Where DAP
exposure

are the DAP-values in the tables in chapter 4 and n is the
amount of performed procedures in one year.
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3.5 Distribution of scattered radiation in operating room

For the first measurement, the goal was to measure how the radiation was dis-
tributed in space when the X-ray tube was rotated 360¶ around a lower body
anthropomorphic phantom with an angle step-size of 45¶.

Figure 13: X-ray tube on C-arm rotated around operating table. View from foot side
of the bed. Operator standing at (≠60,0) in figure 15. The positions of the measuring
detectors are indicated.
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Figure 14: X-ray tube at the bottom of the "C". Rotated around bed with an angle
step-size of 45¶.
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During this exposure situation detectors were placed at eye, thyroid, and breast
height, i.e.. 1,2, and 3 in fig 11

Figure 15: Coordinate system created from the layout of the operating room. Origo
is the origin of radiation, bedside is 60 cm away from origo in the x-direction. The
step-size between each coordinate is 60 cm. Example positions of operator and support
sta� investigated in chapter 3.6

Heights at coordinates further away from radiative source should show values
closer to each other than values which are close to the radiative source. This is
simply because at coordinates close to the radiative source the distances between
the source and the detectors varies more from each other than they do further
away as shown in figure 16 below,

Figure 16: Measurements further away from the radiative source will show values closer
to each other than measurements close to the radiative source.
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As mentioned above in chapter 1.2 about scattered radiation, one can expect
to see higher values close to the phantom when measuring angles behind the X-
ray tube, such as 270¶. Coordinates further away from the table should show
significantly lower values in radiation.

With a known value for w

T

for the eye lens, it would be possible to calculate
to contribution to the e�ective dose, unfortunately due to the limited resolution
(number of voxels, a volume element used for three dimensional imaging), it is not
possible to make acceptable approximations for depths this shallow [7]. However,
since the goal in concerning the damage to the eye lens tissue as a result of acute
radiation damage, the e�ective dose would not be useful in this for this aim in
mind.

By using an approximating unit called H
p

(0,07), which in an underestimate
of the equivalent dose, H or H

eye

in this case, for shallow depths for each angle,
and thus compare how it varies in each case [16]. To do this one must weight the
conversion coe�cients for H

p

(0,07) in [16] to a spectrum of each energy at [12].
To illustrate this principle with a simple example, if there are 100 photons with a
H

p

(0,07) value of 1.2, and an additional 100 photons with H
p

(0,07) 1.4 one would
en up with the weighted H

p

(0,07) value of 1.3.
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3.6 Protective equipment

For the second measurement, the goal was to further investigate the radiation for
the operator as well as one of the support sta� and the e�ects of a few radiation
shielding devices. Two positions were investigated, (≠60,≠60) for the operator
and (≠120,≠180) for support sta�, each covers all heights 1-6 in figure 11 in the
coordinate system described in figure 15. At first the detectors were completely
unprotected and then the di�erent types of protection was tested. In figure 17 1
is a lead curtain which is hung from the table, blocking the X-ray tube. 2 is an
additional lead screen which is placed upon the holder of the lead curtains. 3 is a
radiation shield suspended from the ceiling made out of lead glass.

Figure 17: The operator with 1+2+3 radiation protection equipment in place

After this, the protection of a mobile full body lead glass screen was tested as
well as a lead apron. The apron which was used has a lead equivalence of 0.35 mm
when the exposure parameter is set to 100 kV, the screen on the other hand has 2
mm lead equivalence in the 60-150 kV spectrum.

As discussed in chapter 1.2 about heavy elements protecting well against ra-
diation, one can expect a significant decrease in radiation when the protective
equipment is in place.
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3.7 PCXMC

In order to translate the measured data into e�ective dose for the body, with
and without lead apron, a Monte-Carlo based program called PCXMC was used.
According to the PCXMC manual [13], the cross sections are taken from Storm
and Israel [18] and Hubbell et al [9]. The documentation does not specify how
program operates but to the best of the author’s knowledge, the program uses
stochastic calculations to approximate a series of event from the point of when the
photon reaches the area of interest,

1. What energy the photon has

2. Which direction it takes after reaching the area

3. Depth before interaction

4. Type of interaction

5. Energies and direction of the resulting particle

6. If photon is attenuated the simulations stops, if not loop back to step 3 for
the generated photon

So if one imagine a weighted dice which is thrown at each step, weighted in that
sense that some factors are more common than others, e.g for the X-ray spectra
Compton scattering is more common than Rayleigh scattering or the photoelectric
e�ect. So this dice is thrown for every step from the point the X-ray photon enters
the area of interest until the energy is either deposited within the tissue or where
the photon leaves the area of interest.
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PCXMC is normally used to to calculate the e�ective dose for the patient,
however by altering the spectrum we were able to use the program for the scattered
radiation leaving the patient.

Figure 18: Altering to the spectrum for scattered radiation enabled PCXMC to be
used for sta� dose calculations

Altering the spectrum was made possible by finding the spectrum for the scat-
tered radiation instead of the known spectrum for the X-ray output. By com-
paring measurements made by J.Söderberg [6] of photons leaving a body thourgh
scattered radiation and energy calibrating this data with two known radioactive
sources, 137Cs and 57Cs. With this data we were able to find the mean and max-
imum energy of the scattered radiation. Then by computing the spectra for the
new scattered maximum energy with Siemens X-ray spectrum simulator [12], then
adding a filter which gave the same mean energy to the same factor, all necessary
inputs that PCXMC needed were known.
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Table 1: Column E
CU

represent E
C

given by PCXMC in order to calculate the e�ective
dose for an unprotected person. E

C

given in column E
CP

applies for a person wearing
a lead apron

kV
input

keV
Scattered maximum

keV
Scattered mean

Filtering E
CU

µSv

1µGy

E
CP

µSv

1µGy

70 58 38,681 0,109 mm Cu 0,379 0,041
80 64 41,110 0,111 mm Cu 0,449 0,050
90 70 43,401 0,113 mm Cu 0,513 0,058
100 75 45,595 0,115 mm Cu 0,568 0,065
110 80 47,658 0,121 mm Cu 0,634 0,073

Since the C-arm in question uses automatic exposure, interpolation of the data
was needed in order to get a coe�cient for di�erent energies. The following func-
tions were interpolated from the data in Table 1.

U : Unprotected : 6.77030 · 10≠6kV2 + 5.02652 · 10≠3kV = E
CP

[ µSv
µGy] (19)

P : Lead apron : 1.76272 · 10≠6kV2 + 4.75279 · 10≠4kV = E
CU

[ µSv
µGy] (20)

Both functions are valid for 70 kV < kV < 110 kV. Note that coe�cient before
the quadratic term is very small in other words, the relation looks almost linear
for this range of energy. The data calculated using these formulas are presented
in Table 10 & 11.

3.8 Determining the most common angles

From analyzing Dosewatch, the program which logs settings of the C-arm during
procedures, it was clear that the most common angles for most procedures spans
from ±45¶, which lead to that the most important angles to analyze was ±45¶,
0¶, and 180¶ since most readers have some experience of a traditional X-ray image
machine with the X-ray tube above the table.
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4 Results

4.1 Distribution of scattered radiation in operating room

(a) Eye (b) Breast

Figure 19: X-ray tube angle 0¶. Output 72 kV.DAP: 57.3 µGym2

At the eye level the dose measured range from 0.03 to 0.72 µGy. The radiation
spread is homogeneous and has its maximum around origin.

For the breast the radiation range from about 0.02 to 2.9 µGy. The radiation
spread here is also homogeneous and concentrated around origin.
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Table 2: Refers to the coordinate system in Fig 15. Angle: 0¶. Output 72 kV. DAP:
57.3 µGym2. Kerma measured in µGy at heights 1-3 (eye, thyroid,breast) in figure 11.

x y K
eye

K
thyroid

K
breast

-60 0 0,762 0,796 2,889
-120 0 0,792 0,942 1,165
-180 0 0.456 0.495 0.529
-240 0 0.275 0.303 0.295
-60 -60 0.551 0.556 1.224
-120 -60 0.600 0.664 0.810
-180 -60 0.380 0.413 0.436
-240 -60 0.243 0.263 0.267
-60 -120 0.299 0.333 0.481
-120 -120 0.371 0.429 0.437
-180 -120 0.261 0.287 0.287
-240 -120 0.187 0.192 0.203
-60 -180 0.190 0.204 0.226
-120 -180 0.218 0.229 0.235
-180 -180 0.174 0.180 0.186
-60 -240 0.113 0.110 0.084
-120 -240 0.143 0.149 0.145
-180 -240 0.121 0.113 0.122
-60 -300 0.071 0.059 0.051
-120 -300 0.079 0.064 0.081
-180 -300 0.085 0.087 0.083
-60 -360 0.048 0.037 0.026
-120 -360 0.038 0.037 0.055
-180 -360 0.059 0.062 0.062
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(a) Eye (b) Breast

Figure 20: X-ray tube angle 45¶. Output 82 kV. DAP: 78,7 µGym2

45¶ has the lowest maximum dose value for both heights, spanning from about
0.07 to 0.35 µGy for the eye level and 0.05 to 1.1µGy at breast height.

Note that neither of the heights has its maximum radiation at origin, which is
due to the C-arm blocking some of the radiation close to the table.
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Table 3: Refers to the coordinate system in Fig 15. Angle: 45¶. Output 82 kV. DAP:
78.7 µGym2. Kerma measured in µGy at heights 1-3 (eye, thyroid,breast) in figure 11.

x y K
eye

K
thyroid

K
breast

-60 0 0.041 0.034 0.040
-120 0 0.121 0.474 0.881
-180 0 0.353 0.429 0.673
-240 0 0.262 0.360 0.457
-240 0 0.262 0.360 0.457
-60 -60 0.328 0.507 1.110
-120 -60 0.214 0.406 0.591
-180 -60 0.276 0.323 0.540
-240 -60 0.224 0.295 0.384
-60 -120 0.485 0.536 0.670
-120 -120 0.325 0.347 0.387
-180 -120 0.208 0.222 0.378
-240 -120 0.165 0.237 0.305
-60 -180 0.319 0.328 0.317
-120 -180 0.234 0.237 0.240
-180 -180 0.165 0.180 0.256
-60 -240 0.204 0.203 0.165
-120 -240 0.164 0.166 0.140
-180 -240 0.127 0.133 0.177
-60 -300 0.131 0.115 0.092
-120 -300 0.113 0.114 0.084
-180 -300 0.091 0.084 0.080
-60 -360 0.089 0.081 0.054
-120 -360 0.078 0.072 0.050
-180 -360 0.070 0.061 0.048
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(a) Eye (b) Breast

Figure 21: X-ray tube angle of ≠45¶ or 315¶. Output 82 kV. DAP: 77 µGym2

Here there is a noticeable di�erence from the radiation at 45¶, the spread is
concentrated around origin, but there is a big di�erence in the maximum of the
radiation. The range is about 0.1 to 2.6 µGy for the eye level and 0.1 to 6.4
µGy for the breast level which is a big di�erence compared to 45¶, which will be
discussed further in chapter 5.1. The radiation distribution is decreasing evenly
from origin.
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Table 4: Refers to the coordinate system in Fig 15. Angle: ≠45¶ or 315¶. Output 82
kV. DAP: 76.9 µGym2. Kerma measured in µGy at heights 1-3 in figure 11.

x y K
eye

K
thyroid

K
breast

-80 0 2.564 3.364 6.361
-120 0 1.877 2.454 2.910
-180 0 1.066 1.203 1.334
-240 0 0.658 0.705 0.741
-60 -60 1.947 2.395 4.273
-120 -60 1.462 1.774 2.042
-180 -60 0.899 0.989 1.098
-240 -60 0.583 0.621 0.674
-60 -120 1.059 1.241 1.338
-120 -120 0.835 0.933 0.967
-180 -120 0.628 0.676 0.732
-240 -120 0.454 0.459 0.516
-60 -180 0.529 0.574 0.542
-120 -180 0.480 0.458 0.488
-180 -180 0.386 0.426 0.424
-60 -240 0.301 0.292 0.262
-120 -240 0.282 0.261 0.266
-180 -240 0.249 0.255 0.265
-60 -300 0.192 0.170 0.151
-120 -300 0.173 0.161 0.159
-180 -300 0.168 0.172 0.168
-60 -360 0.124 0.117 0.099
-120 -360 0.108 0.111 0.100
-180 -360 0.118 0.108 0.105
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(a) Eye (b) Breast

Figure 22: X-ray tube angle 180¶. Output 71,5 kV. DAP: 55.5 µGym2

This angle represents a traditional X-ray machine, that is with X-ray tube
above the table. The range about 0.07 to 3.7 µGy for the eye level and 0.07 to
6 µGy for the breast level which is a similar spread and maximum to -45¶. The
radiation spread is homogeneous.
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Table 5: Refers to the coordinate system in Fig 15. Angle: 180¶. Output 71.5 kV. DAP:
55.5 µGym2. Kerma measured in µGy at heights 1-3 (eye, thyroid,breast) in figure 11.

x y K
eye

K
thyroid

K
breast

-60 0 3.694 5.022 5.994
-120 0 1.245 1.256 1.368
-180 0 0.549 0.520 0.581
-240 0 0.303 0.275 0.306
-60 -60 2.272 2.530 2.590
-120 -60 0.968 0.948 1.035
-180 -60 0.487 0.439 0.492
-240 -60 0.259 0.251 0.277
-60 -120 0.909 0.839 0.853
-120 -120 0.564 0.517 0.539
-180 -120 0.347 0.314 0.328
-240 -120 0.223 0.191 0.224
-60 -180 0.403 0.341 0.354
-120 -180 0.305 0.270 0.280
-180 -180 0.212 0.196 0.215
-60 -240 0.219 0.173 0.200
-120 -240 0.185 0.150 0.173
-180 -240 0.146 0.115 0.140
-60 -300 0.136 0.093 0.123
-120 -300 0.124 0.091 0.111
-180 -300 0.101 0.078 0.093
-60 -360 0.089 0.060 0.078
-120 -360 0.079 0.069 0.079
-180 -360 0.073 0.055 0.067
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4.1.1 Calculations from data

Table 6: The relative equivalent dose H
eye

in µSv for all angles around the table in
figure 13 of the radiation source. Refers to the coordinate system in figure 15. The
output parameters (kV,DAP) varies with each angle, much makes each value relative to
each angle.

(x,y) 0¶ 45¶ 90¶ 135¶ 180¶ 225 ¶ 270¶ 315¶

(-60,0) 1.079 0.060 4.658 4.985 5.227 0.031 9.150 3.728
(-120,0) 1.120 0.176 2.621 1.904 1.762 2.986 7.240 2.729
(-180,0) 0.645 0.513 0.251 0.948 0.777 1.973 2.293 1.550
(-240,0) 0.388 0.381 0.097 0.562 0.429 1.132 0.633 0.957
(-60,-60) 0.780 0.477 4.112 3.497 3.215 6.179 6.854 2.831
(-120,-60) 0.848 0.312 2.160 1.627 1.370 3.202 5.425 2.126
(-180,-60) 0.538 0.401 0.982 0.872 0.689 1.728 2.539 1.307
(-240,-60) 0.344 0.325 0.149 0.523 0.367 1.012 0.574 0.848
(-60,-120) 0.423 0.706 1.786 1.549 1.286 2.222 2.408 1.540
(-120,-120) 0.525 0.472 1.323 0.970 0.798 1.672 2.782 1.214
(-180,-120) 0.370 0.302 0.697 0.639 0.491 1.177 2.296 0.913
(-240,-120) 0.265 0.240 0.288 0.424 0.316 0.786 1.566 0.660
(-60,-180) 0.269 0.463 0.839 0.722 0.570 0.852 1.009 0.769
(-120,-180) 0.308 0.340 0.762 0.550 0.432 0.842 1.342 0.698
(-180,-180) 0.246 0.239 0.620 0.420 0.300 0.686 1.325 0.561
(-60,-240) 0.159 0.296 0.477 0.397 0.310 0.426 0.503 0.437
(-120,-240) 0.202 0.238 0.469 0.342 0.262 0.466 0.716 0.411
(-180,-240) 0.172 0.185 0.423 0.281 0.206 0.422 0.780 0.362
(-60,-300) 0.100 0.191 0.306 0.248 0.193 0.248 0.294 0.279
(-120,-300) 0.112 0.164 0.308 0.225 0.176 0.273 0.406 0.251
(-180,-300) 0.120 0.132 0.289 0.189 0.143 0.272 0.488 0.244
(-60,-360) 0.067 0.129 0.217 0.165 0.126 0.158 0.185 0.180
(-120,-360) 0.054 0.113 0.212 0.157 0.112 0.178 0.235 0.156
(-180,-360) 0.083 0.102 0.208 0.138 0.104 0.183 0.326 0.171

Calculated by using the H
p

(0,07) coe�cients from [16] with a weighted spectrum
from [12], finally multiplying with the value of K

eye

for each angle. The highest
value is right next to the patients bed with 270¶ angle, this will be discussed
further in Chapter 5.1 The radiation exposure is low for all angles far away from
the source, which agrees well with theory.
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4.2 Protective equipment

Table 7: Refers to the coordinate system in figure 15 for operator and support sta�.
The angle is at 0¶, in figure 13. Output:72 kV. DAP: 57.3 µGym2. Measured air kerma
µGy at coordinates described above figure 17, and the e�ect of various shielding devices
previously in and below figure 17. K measured at all heights 1-6 in figure 11.

(x,y) Protection K
eye

K
thyroid

K
breast

K
abdomen

K
gonads

K
legs

(-60,-60) Unprotected 0.525 0.566 1.215 1.639 2.072 2.473
(-60,-60) 1 0.555 0.635 1.213 1.615 0.039 0.007
(-60,-60) 1+2 0.550 0.633 1.166 0.014 0.024 0.009
(-60,-60) 1+2+3 0.145 0.268 0.476 0.009 0.009 0.004
(-60,-60) Apron 0.326 0.000 0.017 0.030 0.027 2.461
(-60,-60) Screen 0.000 0.000 0.000 0.000 0.000 0.000
(-120,-180) Unprotected 0.219 0.228 0.224 0.213 0.216 0.254
(-120,-180) 1 0.212 0.234 0.124 0.104 0.055 0.018
(-120,-180) 1+2 0.121 0.085 0.041 0.019 0.024 0.018
(-120,-180) 1+2+3 0.069 0.059 0.030 0.017 0.020 0.016
(-120,-180) Apron 0.229 0.000 0.000 0.000 0.004 0.259
(-120,-180) Screen 0.010 0.000 0.000 0.000 0.000 0.009

All shielding equipment reduces the radiation significantly, and the mobile full
body lead glass screen almost completely blocks out the radiation. In the unpro-
tected case, there is a big di�erence in radiation exposure between the operator
and the support sta�.
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4.3 Dosage during PTC and Dialysis Fistula

Calculated e�ective dose with equation 18 in µSv, these calculations represent a 0¶

angle, and DAP 57.3 µGym2, which correspons to the values in table 7. Procedures
decribed in Chapter 3.4. The annual doses are calculated for n=100 in equation
18 which is 100 procedures in a year, this relationship is linear and can easily be
altered. E

CU

is used since the data is measured with protective equipment.

Table 8: Dialysis Fistula

(x,y) Protection E
operation

µSv E
year

µSv
(≠60,≠60) Unprotected 2.947 294.727
(≠60,≠60) 1+2+3 1.155 115.464
(≠60,≠60) Apron 0.041 4.124

(≠120,≠180) Unprotected 0.543 54.3359
(≠120,≠180) 1+2+3 0.073 7.277
(≠120,≠180) Apron 0 0
(≠120,≠180) Screen 0 0

Table 9: PTC

(x,y) Protection E
operation

µSv E
year

µSv
(≠60,≠60) Unprotected 35.357 3535.72
(≠60,≠60) 1+2+3 13.852 1385.19
(≠60,≠60) Apron 0.495 49.471

(≠120,≠180) Unprotected 6.519 651.853
(≠120,≠180) 1+2+3 0.873 87.301
(≠120,≠180) Apron 0 0
(≠120,≠180) Screen 0 0
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5 Discussion

5.1 Analysis of data

The overall radiation distribution from the measured data agrees the theory that
we see higher doses of radiation when measuring behind the X-ray tube. This is
an e�ect of the increased backscattering discussed in chapter 1.2. The data also
supports the theory that intensity decreases with distance. Both of these theories
can be supported in almost all cases. There are a few values that deviate from the
rest in the data but all of these can be tracked to the physical layout of the room,
such as some device of the table or some part of the C-arm are partly blocking
the radiation. It was possible to measure the most relevant positions in the room,
which means that the radiation map can be used as a tool in order to approximate
radiation exposure during most situations.

The maximum of the radiation is significant between ± 45¶, this might look
strange at first but as mentioned in the previous section, most of the scattered
radiation will spread towards the X-ray tube. Which means with the X-ray tube
at 45¶ most of the radiation will spread away from the detector and vice versa for
-45¶. The same argument is applicable for the di�erence in the maximum amount
of radiation for 0¶ and 180¶

In table 6, we saw that there was a significant peak for the angle 270¶ right
next to the operating table. This is the e�ect of two factors, firstly the exposure
parameter is higher at the angles 90¶ and 270¶, this is because there is the most
mass to penetrate. Secondly, at 270¶ the X-ray tube is on the same side as the
measuring detector, which means most scattered radiation will scatter towards the
detector and vice versa for the 90¶ angle.

In table 9 and 8 the yearly dose for PTC for the unprotected case is approx-
imately 3.5 mSv, and 0.05 mSv when wearing a lead apron. The yearly dosage
for two operators at Karlstad Centralsjukhus has been monitored and has been Æ
0.5-0.8 mSv [6].

45



Radiation exposure to personnel during fluoroscopic procedures Eriksson,O

5.2 Error analysis

All the measurements to set up the coordinate system were made by hand, and even
though each coordinate and height measured were double checked multiple times
there might be some errors involved. We estimate that these measurement errors
do not exceed ±2cm in both horizontal and vertical measurements. However it is
very unlikely that these small measurement errors would make much di�erence in
the measured radiation field. We noticed when a few spots were exposed multiple
times, that each shot varies slightly from the other. So by taking multiple shots
at each coordinate and height, a truer value could have been established, however
due to limited time and the need to cover many coordinates and heights, this was
not done. However the variation was small and the data are still able to create a
good picture of the radiation distribution and is also su�cient as a tool for risk
analysis which was the goal. The detectors used for measuring also has an error
within them, this is less than 5% for X-ray exposure.

6 Conclusion

The goal to get a better understanding of the radiation distribution, to create
a map which shows the radiation field for certain scenarios as well as investigate
certain points of interest more closely to better understand of the radiation coming
out of the patient was achieved. From this map certain conclusions can be drawn.

Distance is a good protector against radiation, but not su�cient or even pos-
sible for all sta� in procedures where fluoroscopy is involved, for example the
operator that often must stand next to the patient. Therefore radiative protection
must be used and naturally thicker lead equivalence increases protection, however
lead is heavy and this is also a factor for long procedures. This can and is solved
with stationary curtains, shields, and screens which is either hanged on the table
or from the ceiling or placed upon the table. By using this type of protective
equipment the sta� can wear less thick and thus lighter protective gear but the
sum of protection is still higher.

It is conclusive from the data that some angles are more preferable when try-
ing to keep radiation exposure towards the sta� to a minimum, which always is
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desirable. A conclusion that can be drawn from this data is that the sta� might
decrease the radiation exposure towards themselves just by switching sides of the
table as the C-arm moves. Which would be to stand on the opposite side of the
radiation tube, making sure that the backscatter from the patient is directed away
from them.

Measured data supports that the precautions taken for protection against ra-
diation exposure are well planned and e�ective. While the apron is a very e�ective
protector, the mobile full body screen is capable to block almost all radiation,
which is the e�ect of the di�erence in thickness of lead equivalence. The data also
show that the curtains and the shields are very e�ective.

The data shows well that positions close to the radiated body, which scatters
the radiation, are the most vulnerable towards radiation, especially as previously
mentioned positions behind the X-ray tube. The data also shows that the level
of radiation decrease significantly with distance, this agrees with the theory that
the radiation intensity decreases with 1/(distance)a as discussed in chapter 1.2,
referring to distance between the detector and the radiating source. We can also
see the di�erence in radiation between heights is smaller further away from the
radiation source, which was expected as described in section 3.4.

Concerning the annual dose for the operators, it is important to keep in mind
that these numbers only represent two types of procedures and the operators do
plenty more than these two, which indicates that the calculated doses are plau-
sible. Once again we can see that the protective equipment is e�ective and even
though the lead curtain, mobile screen and lead glass shield (1+2+3) lowers the
radiation significantly, an apron as well as lead glasses should be worn.

It is important to remember that all values studied for the unprotected cases are
purely for educational purposes. Not to wear protective equipment while operating
when using ionizing radiation would be considered a misconduct.
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The discussion concerning Klein-Nishina and the energy dependence of the
cross section in X-ray imaging situations of the scattering would be an interesting
project to examine closer. This could be done by altering the energy of the in-
coming photons and see to what relation the dosage increase in forward scattering
and decrease in back scattering.

Another topic that could further be examined is to determine a in 1/(distance)a.
This could be done by altering the thickness of the phantom and even try to radi-
ate smaller objects of di�erent materials, and see if a relation between the volume
of the body and the radiation at further distances.

Both of these topics are good candidates separate projects, and this report
might be able to help provide the groundwork for further investigations within
these topics.
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A Calculations of the e�ective doses at all coor-

dinates

Table 10: The relative e�ective dose in µSv for unprotected personnel for all angles of
the radiation source. Refers to the coordinate system in Fig 15.

(x,y) 0¶ 45¶ 90¶ 135¶ 180¶ 225 ¶ 270¶ 315¶

(-60,0) 1.072 0.017 0.045 2.060 2.208 3.282 0.572 2.697
(-120,0) 0.432 0.374 0.046 0.600 0.504 1.344 0.091 1.234
(-180,0) 0.196 0.285 0.037 0.279 0.214 0.553 0.047 0.566
(-240,0) 0.109 0.194 0.027 0.161 0.113 0.296 0.037 0.314
(-60,-60) 0.454 0.471 0.953 1.073 0.954 2.259 3.809 1.812
(-120,-60) 0.301 0.251 0.119 0.480 0.381 0.931 2.039 0.866
(-180,-60) 0.162 0.229 0.046 0.249 0.181 0.469 0.252 0.466
(-240,-60) 0.099 0.163 0.030 0.143 0.102 0.275 0.054 0.286
(-60,-120) 0.178 0.284 0.532 0.395 0.314 0.532 0.830 0.567
(-120,-120) 0.162 0.164 0.360 0.253 0.199 0.436 0.920 0.410
(-180,-120) 0.106 0.160 0.082 0.176 0.121 0.308 0.706 0.310
(-240,-120) 0.075 0.129 0.040 0.119 0.083 0.201 0.446 0.219
(-60,-180) 0.084 0.134 0.240 0.175 0.130 0.193 0.283 0.230
(-120,-180) 0.087 0.102 0.220 0.143 0.103 0.209 0.399 0.207
(-180,-180) 0.069 0.109 0.170 0.111 0.079 0.169 0.391 0.180
(-60,-240) 0.031 0.070 0.133 0.095 0.074 0.137 0.132 0.111
(-120,-240) 0.054 0.059 0.129 0.083 0.064 0.107 0.204 0.113
(-180,-240) 0.045 0.075 0.123 0.073 0.052 0.106 0.213 0.112
(-60,-300) 0.019 0.039 0.085 0.059 0.045 0.061 0.070 0.064
(-120,-300) 0.030 0.036 0.082 0.056 0.041 0.063 0.107 0.067
(-180,-300) 0.031 0.034 0.083 0.048 0.034 0.066 0.134 0.071
(-60,-360) 0.010 0.023 0.056 0.042 0.029 0.036 0.047 0.042
(-120,-360) 0.020 0.021 0.056 0.037 0.029 0.040 0.064 0.042
(-180,-360) 0.023 0.020 0.056 0.036 0.025 0.046 0.090 0.045

Note from the Figures 19, 20, 21, and 22 that the exposure parameter varies with
each angle, thus each dose is relative to each angle. While this might seem strange
at first, this is an actual representation of how the output and conclusively the dose
varies with each angle. The e�ective doses for each are calculated by multiplying
K

breast

by the constant gained from equation 19 using the exposure parameter in
each angle.
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Table 11: The relative e�ective dose in µSv for personnel wearing lead apron for all
angles of the radiation source. Refers to the coordinate system in Fig 15.

(x,y) 0¶ 45¶ 90¶ 135¶ 180¶ 225 ¶ 270¶ 315¶

(-60,0) 0.131 0.002 0.006 0.257 0.269 0.358 0.071 0.338
(-120,0) 0.053 0.047 0.006 0.075 0.061 0.146 0.011 0.154
(-180,0) 0.024 0.036 0.005 0.035 0.026 0.060 0.006 0.071
(-240,0) 0.013 0.024 0.003 0.020 0.014 0.032 0.005 0.039
(-60,-60) 0.055 0.059 0.118 0.134 0.116 0.246 0.472 0.227
(-120,-60) 0.037 0.031 0.015 0.060 0.047 0.101 0.252 0.108
(-180,-60) 0.020 0.029 0.006 0.031 0.022 0.051 0.031 0.058
(-240,-60) 0.012 0.020 0.004 0.018 0.012 0.030 0.007 0.036
(-60,-120) 0.022 0.036 0.066 0.049 0.038 0.058 0.103 0.071
(-120,-120) 0.020 0.021 0.045 0.032 0.024 0.048 0.114 0.051
(-180,-120) 0.013 0.020 0.010 0.022 0.015 0.034 0.087 0.039
(-240,-120) 0.009 0.016 0.005 0.015 0.010 0.022 0.055 0.027
(-60,-180) 0.010 0.017 0.030 0.022 0.016 0.021 0.035 0.029
(-120,-180) 0.011 0.013 0.027 0.018 0.013 0.023 0.049 0.026
(-180,-180) 0.008 0.014 0.021 0.014 0.010 0.018 0.048 0.023
(-60,-240) 0.004 0.009 0.016 0.012 0.009 0.015 0.016 0.014
(-120,-240) 0.007 0.007 0.016 0.010 0.008 0.012 0.025 0.014
(-180,-240) 0.006 0.009 0.015 0.009 0.006 0.012 0.026 0.014
(-60,-300) 0.002 0.005 0.011 0.007 0.006 0.007 0.009 0.008
(-120,-300) 0.004 0.004 0.010 0.007 0.005 0.007 0.013 0.008
(-180,-300) 0.004 0.004 0.010 0.006 0.004 0.007 0.017 0.009
(-60,-360) 0.001 0.003 0.007 0.005 0.004 0.004 0.006 0.005
(-120,-360) 0.002 0.003 0.007 0.005 0.004 0.004 0.008 0.005
(-180,-360) 0.003 0.003 0.007 0.004 0.003 0.005 0.011 0.006

Note from the Figures 19, 20, 21, and 22 that the exposure parameter varies
with each angle, thus each dose is relative to each angle. While this might seem
strange at first, this is an actual representation of how the output and conclusively
the dose varies with each angle. The e�ective doses for each are calculated by
multiplying K

breast

by the constant gained from equation 20 using the exposure
parameter in each angle.
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B Data from additional angles of X-ray tube

(a) Eye (b) Breast

Figure 23: X-ray tube angle 90¶. Output 78 kV. DAP: 136.9 µGym2
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Table 12: Refers to the coordinate system in Fig 15. Angle: 90¶. Output 78 kV. DAP:
136.9 µGym2. Kerma measured at heights 1-3 in µGy.

x y K
eye

K
thyroid

K
breast

-80 0 3.242 3.683 0.112
-120 0 1.824 1.161 0.115
-180 0 0.174 0.082 0.093
-240 0 0.068 0.064 0.067
-60 -60 2.862 3.211 2.367
-120 -60 1.503 1.357 0.296
-180 -60 0.683 0.455 0.115
-240 -60 0.104 0.075 0.075
-60 -120 1.243 1.251 1.320
-120 -120 0.921 0.933 0.894
-180 -120 0.485 0.351 0.203
-240 -120 0.201 0.111 0.099
-60 -180 0.584 0.570 0.596
-120 -180 0.531 0.542 0.547
-180 -180 0.431 0.442 0.422
-60 -240 0.332 0.333 0.330
-120 -240 0.326 0.324 0.321
-180 -240 0.295 0.301 0.305
-60 -300 0.213 0.214 0.212
-120 -300 0.214 0.223 0.204
-180 -300 0.201 0.202 0.206
-60 -360 0.151 0.152 0.138
-120 -360 0.148 0.136 0.138
-180 -360 0.145 0.151 0.140
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(a) Eye (b) Breast

Figure 24: X-ray tube angle 135¶. Output 80 kV. DAP: 71.7 µGym2
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Table 13: Refers to the coordinate system in Fig 15. Angle: 135¶. Output 80 kV.
DAP: 71.7 µGym2. Kerma measured at heights 1-3 in µGy.

x y K
eye

K
thyroid

K
breast

-60 0 3.441 4.269 4.983
-120 0 1.314 1.404 1.451
-180 0 0.655 0.671 0.675
-240 0 0.388 0.359 0.389
-60 -60 2.414 2.712 2.596
-120 -60 1.123 1.151 1.162
-180 -60 0.602 0.589 0.602
-240 -60 0.361 0.327 0.346
-60 -120 1.069 1.055 0.956
-120 -120 0.670 0.660 0.613
-180 -120 0.441 0.432 0.425
-240 -120 0.293 0.298 0.287
-60 -180 0.499 0.471 0.423
-120 -180 0.380 0.314 0.346
-180 -180 0.290 0.251 0.268
-60 -240 0.274 0.251 0.230
-120 -240 0.236 0.213 0.200
-180 -240 0.194 0.197 0.177
-60 -300 0.171 0.156 0.142
-120 -300 0.156 0.149 0.135
-180 -300 0.131 0.134 0.117
-60 -360 0.114 0.104 0.101
-120 -360 0.109 0.093 0.090
-180 -360 0.095 0.093 0.086
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(a) Eye (b) Breast

Figure 25: X-ray tube angle 225¶. Output 80.5 kV. DAP: 72.9 µGym2
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Table 14: Refers to the coordinate system in Fig 15. Angle: 225¶. Output 80.5 kV.
DAP: 72.9 µGym2. Kerma measured at heights 1-3 in µGy.

x y K
eye

K
thyroid

K
breast

-80 0 0.021 2.747 7.889
-120 0 2.061 3.262 3.231
-180 0 1.362 1.360 1.329
-240 0 0.781 0.757 0.711
-60 -60 4.265 5.083 5.430
-120 -60 2.210 2.380 2.238
-180 -60 1.193 1.191 1.128
-240 -60 0.699 0.676 0.662
-60 -120 1.534 1.518 1.279
-120 -120 1.154 1.138 1.048
-180 -120 0.812 0.762 0.741
-240 -120 0.542 0.518 0.484
-60 -180 0.588 0.535 0.463
-120 -180 0.581 0.544 0.502
-180 -180 0.474 0.462 0.406
-60 -240 0.294 0.267 0.330
-120 -240 0.322 0.302 0.257
-180 -240 0.291 0.270 0.254
-60 -300 0.171 0.159 0.146
-120 -300 0.189 0.184 0.152
-180 -300 0.188 0.161 0.159
-60 -360 0.109 0.131 0.087
-120 -360 0.123 0.098 0.096
-180 -360 0.127 0.120 0.111
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(a) Eye (b) Breast

Figure 26: X-ray tube angle 270¶. Output 77.5 kV. DAP: 132.3 µGym2
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Table 15: Refers to the coordinate system in Fig 15. Angle: 270¶. Output 77.5 kV.
DAP: 132.3 µGym2. Kerma measured at heights 1-3 in µGy.

x y K
eye

K
thyroid

K
breast

-100 0 6.368 8.245 1.429
-120 0 5.039 5.023 0.228
-180 0 1.596 0.771 0.117
-240 0 0.440 0.106 0.092
-60 -60 4.770 6.468 9.520
-120 -60 3.776 2.300 5.095
-180 -60 1.767 1.294 0.630
-240 -60 0.399 0.191 0.134
-60 -120 1.676 1.899 2.075
-120 -120 1.936 2.148 2.298
-180 -120 1.598 1.673 1.764
-240 -120 1.090 1.087 1.114
-60 -180 0.702 0.684 0.706
-120 -180 0.934 0.967 0.996
-180 -180 0.922 0.931 0.977
-60 -240 0.350 0.348 0.329
-120 -240 0.498 0.495 0.510
-180 -240 0.543 0.537 0.533
-60 -300 0.204 0.217 0.176
-120 -300 0.283 0.276 0.267
-180 -300 0.340 0.337 0.335
-60 -360 0.129 0.122 0.118
-120 -360 0.164 0.161 0.159
-180 -360 0.227 0.218 0.224
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