
X-Rays and endoscopes
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What are X-rays?
‘X-ray’ refers to electromagnetic radiation with a 
wavelength between 0.01nm - 10nm.

visible light ultraviolet x-ray

increasing energy

increasing wavelength

X-rays are used in imaging because their energy is 
sufficiently high to penetrate human tissue. They 
were first studied systematically in 1895 by 
Wilhelm Röntgen (he later received a Nobel prize).
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http://en.wikipedia.org/wiki/File:Roentgen2.jpg 
http://en.wikipedia.org/wiki/Xray#Sources
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Making X-rays
X-rays are generated using similar principles to a 
discharge tube. Electrons travel inside an evacuated 
tube and strike a tungsten anode. X-rays are released 
during this collision. 
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When X-rays pass through the body, energy is absorbed by the body
tissue and the intensity of the beam is reduced. Denser material, such as
bone, absorbs more X-radiation. 

Production of X-rays

In the topic ‘From ideas to implementation’ (see chapter 10), you learnt
that X-rays are emitted from a cathode ray tube when the cathode rays
strike the glass of the tube. Similar principles are used to produce X-rays
for medical diagnosis.

A cross-section of an X-ray tube is shown in figure 19.2. The tube is
highly evacuated, and a very high potential difference, from 25 000 to
250 000 volts, is applied between the anode and cathode. 

The cathode is a filament of wire through which a current is passed.
Electrons are emitted from the hot filament and a metal focusing cup
directs the electrons towards the anode. The very high potential differ-
ence between the cathode and anode accelerates the electrons to the
anode. The anode is usually made of tungsten that can withstand the
high temperatures generated. When the electrons strike the tungsten
they are absorbed and some of their energy is converted to X-rays. By
placing the tungsten target at an angle to the incoming electron beam,
the X-rays that are emitted from the tungsten can be sent in a pre-
determined direction.

Tungsten is usually used for the target as it has a very high melting
point of about 3400°C and emits X-rays when struck by electrons. The
production of X-rays is not very efficient as only about 1 per cent of the
energy reaching the target is converted to X-rays, the rest being con-
verted to heat. The heat generated in the target per second can be
enough to heat a cup of water to boiling point in one second. Hence it is
important to prevent the target from overheating or melting. Copper —
a good conductor of heat — is used for the anode mountings, and oil cir-
culating in the outer region near the anode helps the cooling by convec-
tion. Cooling can also occur by rotating the target at a rapid rate of
approximately 3600 revolutions per minute, allowing the heat produced
to be distributed over a large area.

Use and detection of X-rays 

Since X-rays cannot be focused, the images from X-rays are shadows of
objects placed in the beam. To obtain the sharpest image it is necessary
to have an object that is as still as possible and illuminated by an X-ray
beam of small cross-sectional area, with the detecting plate as close to the
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Figure 19.2 An X-ray tube
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continued...
• Only a very small percentage (~1%) of the energy 

reaching the anode is released as x-ray radiation. 
The rest is released as heat. This necessitates 
cooling systems.

• Tungsten is used as the anode target because of 
its high melting point (3400˚C). Sometimes the 
target rotates quickly to spread the heat.

• The angle of anode is used to direct x-rays out of 
the device. Very high voltages (25kV - 250kV).
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Releasing X-ray photons
There are two main mechanisms by which x-ray 
photons are released in the anode:

• Braking (Bremsstrahlung) radiation. The electron 
slows as it strikes the target, and the lost kinetic 
energy is released in a photon of X-ray radiation. 
This produces a spectrum of energies.

• X-ray fluorescence. If an electron strikes a 
target atom, it may excite (and liberate) a bound 
electron. As other electrons drop down to fill its 
place, X-ray radiation of specific energy is released.
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X-radiation. The frequency of the X-radiation depends on the amount by
which the electron has been slowed, or, in other words, the amount of
braking that has occurred. This radiation is called the Bremsstrahlung radi-
ation, which is German for ‘braking radiation’.

The second mechanism results in the ionisation of the atom and so the
frequency of the X-radiation produced depends on the nature of the target
atom. A series of frequencies that make the characteristic or line spectrum
are produced. To produce X-radiation of a particular frequency, an elec-
tron is knocked out of an inner shell of an atom by the approaching
electron. An outer shell electron takes the inner shell electron’s place,
losing energy equal to the energy difference between the two shells. The
energy difference between electrons in the two shells determines the
frequency of the X-ray produced.

Figure 19.6 shows the X-rays produced by a typical target. 

Figure 19.6 The energy of the X-ray photons (and the corresponding wavelength) plotted 

against the intensity of the X-rays

Hard and soft X-rays

A thin sheet of material placed in the path of the X-ray beam will act as a
filter and absorb more low-energy photons than high-energy photons.
The beam will now have more high-energy photons, which are more pen-
etrating. The beam is said to be hard. By contrast, a beam of X-rays with
lower energy photons is less penetrating and is said to be soft.

Note that the higher the energy of the photons, the higher their fre-
quency and the shorter their wavelength.

Hard X-rays are preferred for imaging as they penetrate the body and
are absorbed by material such as bone, allowing images of the bone to be
observed. Soft X-rays are not useful for imaging as they will not penetrate
the body. They expose the patient to additional useless and possibly
harmful X-radiation.

Using conventional X-rays as a diagnostic tool

X-rays have a number of different effects on the tissues of the body,
depending on the energy of the X-ray photons and the time of exposure
to them. For diagnostic purposes, the optimal photon energy is around
30 keV, resulting in the best contrast between different tissues. At
this energy the photoelectric effect dominates. This means the X-rays
are absorbed by the tissues and electrons are released. The extent of the
X-ray absorption depends on the cube of the number of protons in the
nuclei of the atoms encountered. For example, bone, which has a high
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Hard X-rays consist of high-energy 
photons and are more penetrating 
than soft X-rays, which have lower 
energy photons.

Jacaranda Physics 2, 3rd Ed. p345

Typical output of X-ray generator. The spikes are due to 
fluorescence and the spectrum due to braking radiation.
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Questions
1. Calculate the photon energy of the following X-ray 

wavelengths:

a) 10nm
b) 0.1nm
c) 0.01nm

2. Convert these energies to electron volts (1eV = 
1.602x10-19 J).

3. Ultrasound strikes a fat-soft tissue then a soft tissue-
bone interface. Calculate the fraction of original 
wave intensity which returns to the detector.
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Soft and hard X-rays
We classify X-rays as ‘hard’ or ‘soft’ depending on 
their penetrating ability. The boundary between the 
two categories is roughly 10keV (~0.1nm).

Hard X-rays are 
required for 
imaging. We try to 
eliminate soft X-
rays because they 
expose patients to 
unnecessary 
radiation.

http://www.sprawls.org/visuals/XRAYCON/softtissue.jpg
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Imaging with X-rays
• The X-rays pass through the body and are 

absorbed by different structure in different 
amounts (eg. bones absorb more than muscle).

• A detector on the other side of the body captures 
the remaining radiation, which is made into an 
image. Photographic film was the earliest detector.

• The spacing of detectors determines maximum 
image resolution. Usually around 30keV provides 
the best contrast between different tissue.
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http://itap-tthv.org/moseley_2012/images%5Cxray-human.jpg
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CAT scans
CAT (computer axial tomography) scans are produced 
from multiple X-rays taken through a variety of angles. 
An X-ray source (and array of detectors) rotate 
around a patient taking multiple snapshots.

A computer combines the snapshots into one image
http://www.schoolphysics.co.uk/age16-19/Medical%20physics/text/CT_scanning/index.html

12

http://www.schoolphysics.co.uk/age16-19/Medical%20physics/text/CT_scanning/index.html
http://www.schoolphysics.co.uk/age16-19/Medical%20physics/text/CT_scanning/index.html


http://www.herbalifenutritionalproducts.com/wp-content/uploads/Brilliance_CT_3.jpg
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http://www.boogordoctor.com/wp-content/uploads/2010/10/CT-Imaging-Series.png
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http://lifeinthefastlane.com/wp-content/uploads/2009/11/AAA-GB.jpg
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X-ray vs CAT
CAT scans are more expensive and expose the 
patient to higher levels of radiation but are 
preferable to X-rays in a number of situations:

• They have a much higher resolution (so they can 
show fine detail).

• They can image soft tissue much better than X-
rays (and so can see different organs etc).

• It is possible to see behind bone (eg. the skull) 
because of the way that multiple scans are used.

16



Homework
1. Print one X-ray of a bone fracture and one 

X-ray of something else. Discuss the 
contrast and resolution of each.

2. Find and print a CAT scan and X-ray of the 
same part of the body. Compare the two 
images as diagnostic tools.
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Endoscopes
An endoscope is a way of imaging the human body 
with visible light (EM radiation). A small probe is 
inserted through a body opening:

MEDICAL PHYSICS374

Structure and use of 
an endoscope
Figure 19.16 shows a diagram of a
typical endoscope. The long flex-
ible shaft containing the fibres is
protected from damage by a
helical steel band inside steel
mesh. The outer coating is plastic
to prevent chemical damage and
to make the shaft waterproof and
easy to move through the body.
The shaft is about 10 mm in dia-
meter and may be up to 2 m
long.

The end inserted in the
patient’s body, known as the
distal end, is able to bend in
directions that are controlled
from the viewing end by the oper-
ator. The distal end contains a
lens to focus the image onto the
end of the fibre bundle. The
shaft of the endoscope contains a
number of distinct parts as listed
in table 19.1. 

Table 19.1 Function of parts of the endoscope shaft

Once the image is sent to the viewing end of the endoscope it may be
viewed by the operator directly or captured as a still photograph or video
record (see figure 19.19, page 377). In this way an operation can be accu-
rately controlled and also recorded for later study.

PART OF SHAFT FUNCTION

Non-coherent optic fibre bundles 

(usually two)

To guide the light to the area to be 

examined

Coherent optic fibre bundle To transmit the image back to the 

eyepiece for viewing

Water pipe To wash the distal face of the 

endoscope to keep the optical section 

clear

Operations channel To insert surgical instruments to 

perform specific tasks (see figure 19.17 

for some surgical instruments)

Control cables To operate the flexible end

Additional optional channel To suck or pump in air or carbon 

dioxide

A coherent optic fibre bundle is 

one in which the optic fibres keep 

the same position relative to one 

another. A non-coherent optic fibre 

bundle is one in which the fibres 

are not kept in the same position 

relative to one another.

Distal 
end

Controllable
bending section

Channel for operating
instruments

Air, CO2, water
and suction controls

Lens
adjustment

Camera
mount

Eyepiece

CO2 in

Water in

Optical fibre

Suction
Air

Flexible
section

Deflection control

Objective
lens

Illumination
lenses

Air/water
nozzle

Biopsy/suction
channel

Figure 19.16 A fibre-optic endoscope 

Jacaranda Physics 2, 3rd Ed. p345

Light travels to and from 
the probe via fibre optic 
systems. The incoming 
light illuminates the region 
in focus while the 
returning light carries an 
image to the operator.
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http://www.pacificcable.com/images/Fiber-Optic-Diagram.png

Fibre optics
Fibre optics work on the principle of total internal 
reflection. Each strand has a glass core surrounded 
by a cladding with lower refractive index.

total internal reflection
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Coherent bundles
A fibre optic bundle (a group of fibre optic strands) 
can be coherent or incoherent:

• In coherent bundles each strand is the same 
length and has the same orientation at both ends 
of the cable. They are more expensive.

• Incoherent bundles do not have the same 
orientation at both ends, and each strand is not 
necessarily the same length. They are cheaper.

Each has a purpose in endoscope technology.
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How do endoscopes work?

Endoscopes work because light can be transmitted along them to illumi-

nate internal areas of the body and then the image of those areas can be

carried back along the fibres of the endoscope.

Bundles of optic fibres are needed to carry the light to and from the

inside of the body. These fibres operate by the principle of total internal

reflection as indicated previously. The optic fibre bundles carrying light

into the body can be non-coherent, and hence less expensive, as their role

is only to illuminate the internal area. These non-coherent bundles can

have thicker fibres, which are more

efficient at transmitting light as there

are fewer reflections along a given path

length and hence fewer opportunities

for the light to be lost through the sides

of the fibre (see figure 19.18(b)).

The optic fibre bundle transmitting

the image back along the shaft must be

coherent so that when the light

reaches the viewing area it will be in

the same relative position as it was

when it left the object being viewed

(see figure 19.18(a)). It is an advan-

tage to make these fibres as narrow as

possible with the core to cladding ratio

as large as possible to ensure that there

are many beams of light transmitting

the image. The image will therefore be

very clear — in other words, it will

have good resolution. 

35 mm still camera

Biopsy
forceps

Grasping
forceps

Scissors Washing Snare Diathermy
cutter

16 mm movie
camera

Controls

Inputs

TV camera Suction
pump

CO2 supply

Air supply

Water

Surgical instruments

Light sources

Conventional

Xenon

Stroboscopic flash

Halogen

Figure 19.17 Some accessories for an endoscope 

Through coherent bundles, the parts of the image 
are transmitted in correct relative positions.

Light reflected
from object

(a)

Through non-coherent bundles, light is 
transmitted but image has lost its shape as parts 
are not in correct positions.

(b)

Figure 19.18 (a) A coherent bundle 

of optic fibres (b) A non-coherent 

bundle of optic fibres

Coherent bundles must be used to carry the image 
from the probe, but incoherent bundles are fine for 
the incoming light to the probe.

Jacaranda Physics 2, 3rd Ed. p345
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Putting it together

Endoscope inserted into body

Light travels down incoherent bundles, illuminates body

Light (image) travels back through coherent bundles

video camera still camerarealtime viewing
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Using an endoscope

The endoscope is inserted through a natural orifice in the body or

through a small incision. It allows doctors to see inaccessible parts of the

body and in some cases to carry out minor surgical procedures. Such a

procedure, guided by use of an endoscope, is called keyhole surgery.

Some of the uses of endoscopes are indicated in table 19.2.

Table 19.2 Uses of endoscopes

If a tumour is detected, a small sample may be taken for analysis, using

the sampling implements in the endoscope. Such a sample is called a

biopsy.

Polyps may be surgically removed using an endoscope with an attach-

ment. Sometimes lasers are used in conjunction with endoscopes when

surgery is being carried out, as lasers will cut without distorting the area

around the incision and without causing bleeding. 

Before the use of endoscopes, open surgery was needed to examine

and treat internal organs. The procedure using endoscopes is less

invasive and carries less risk, allowing the patient to recover quickly. It

may be carried out in an outpatients department and so not require

admission of the patient to hospital. The cost of health care is thus

reduced.

NAME OF PROCEDURE PLACE OF INSERTION OF ENDOSCOPE PURPOSE OF PROCEDURE

Arthroscopy Through skin near joint To examine joints and carry out repairs such as 

removal of torn cartilage

Bronchoscopy Through bronchial tubes To examine trachea and lungs to show problems 

such as inflammation, bronchitis, cancer and 

tuberculosis

Colonoscopy Through the anus To detect problems such as polyps, tumours, 

ulceration and inflammation in the colon and 

large intestine 

Colposcopy Through the vagina To look for problems such as inflammation 

and cancer in the vagina and cervix 

(in females)

Cytoscopy Through the urinary tract To examine the bladder, urethra and opening of 

the prostate gland (in males)

Endoscope biopsy Through a natural opening or through 

an incision

To remove specimens of tissue for examination 

and analysis by a pathologist

Gastroscopy Through the mouth To look for the source of problems such as 

bleeding from the lining of the oesophagus, 

stomach and duodenum 

Laparoscopy Through an incision in the abdominal 

wall

To examine abdominal organs including 

the stomach, liver and fallopian tubes (in 

females)

Jacaranda Physics 2, 3rd Ed. p345
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Further details
• The endoscope shaft is controllable, so that it will 

bend in the required direction. 

• The shaft may contain tubes for blowing water or 
carbon dioxide into the body (to clean lenses or 
inflate cavity for better viewing).

• The shaft may also contain tubes for sucking 
biological samples from the body for analysis. This 
is called a biopsy. Often there are other 
attachments to cut/manipulate tissue
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Homework
Find and print three images of different body 
structures obtained by endoscopy.
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