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Lecture 2: The Production of X-rays 
 

 
 

In this Lecture: 
 

 What x-rays are 
 Learn the components of an x-ray tube 
 Learn how x-rays are produced.  
 Understand the line focus principle 
 Understand why an anode rotates 
 Understand the heel effect 
 Understand how x-ray generators work 
 Understand what line voltage compensation is and why it is important 

 
 

 

So here we go. Into the wild, wonderful word of radiation physics. It’s really not that 
bad and you wont have to learn lots of equations like you did in physics class in college. 
This stuff really is important because you can use it in every day practice. Think of it as 
the “scales” of radiology. Those of you who play an instrument know how boring 
learning scales were; but you also realize that knowing those scales let you play any type 
of music. Without a working knowledge of scales, all you know is how to play a few 
songs. You really don’t know how music works. The same goes for radiology. You can 
take radiographs all day long but without knowledge of how x-rays are produced, how 
the tube works, and what all of the accessory equipment does you will have no idea how 
to make a radiograph better if it comes out crummy. The next 6 lectures will give you 
the tools to create a perfect radiograph every time.  
 

X-rays: The core of radiology 
 
Definition: X-rays are a form of electromagnetic radiation traveling through space 
as a combination of electric and magnetic fields. Radio waves, television waves, 
microwaves, and light are other forms of electromagnetic radiation. X-rays have a 
number of useful physical characteristics that allow us to utilize them for out benefit:  



 
• X-rays can penetrate matter. This allows us to “see through” things. Not all 

materials are penetrated equally. This allows us to see different tissues in an 
image.  

• X-rays also interact with matter, which causes biological alterations (ionization) 
at the molecular level. This of course is not always beneficial as x-rays can be 
damaging.  More on this later. 

• X-rays cause certain materials to fluoresce (give off light) which enables is to 
record an image. 

• When interacting with matter, x-rays follow many of the same physical 
principles as light. Such as: 

 
o X-rays act like waves when traveling through space.  
o X-rays act like particles when interacting with matter 
o X-rays travel in straight lines.  Therefore, x-rays cannot go around 

corners. 
o X-rays diverge from a point source. You will see why this important 

when we discuss radiographic image formation 
o X-rays obey the inverse square law. You will see why this is important 

when we discuss radiation safety..  
o X-rays are not affected by magnetic fields. Therefore, they cannot be 

focused or steered.  
o X-rays travel at the speed of light.  

 

 
Q.“Mommy, where do x-rays come from?” 
A. “An x-ray tube. Now go play on the double yellow 
line” (Just kidding!) 

 
Of course x-rays come from an x-ray tube. The real question is how does the tube work. In 
order to answer that, we must first look at the different parts of the tube 

 
Basic Components of an x-ray tube:  
 

1. Air evacuated glass envelope:  A vacuum is necessary to prevent accelerated 
electrons form colliding with air molecules.  

2. Cathode: The cathode is a wire filament (usually tungsten) that is the source 
of the electrons 

3. Anode: The anode is a tungsten disc that acts as the target for the electrons 
that come from the cathode. X-rays are created at the anode.  



 
4. Others: There are a few other components such as cooling mechanisms, the 

window of the tube etc. but let’s not concern ourselves with them at this 
point. 

 
 
How x-rays are produced or what goes on in the tube 
 

Step 1: The cathode filament is heated. The unit of cathode heating is the 
milliamp current or mA. This heating causes electrons to be emitted form the 
filament and they form a cloud around the filament. A focusing cup keeps the 
electrons in a tight cloud. The electrons don’t do much else at this point. Just 
wait. Got a snickers bar? 
 
Step 2: Then a voltage is applied to the tube. The unit of voltage is the kilovolt or 
Kv. This causes the electrons that are waiting in the cloud on the filament to 
accelerate toward (and smash into) the anode.  
 
Step 3: When the electrons collide with the anode two things happen: 

1. They give up their energy as heat. Actually 99% of the energy is 
released as heat. Conversely, x-ray tubes are less than 1% efficient.  

2. X-rays are formed.  
 
 
At the anode: Turning electrons into x-rays 
 
You thought you would get away with the simple statement “x-rays are formed.” Not so 
easy, here’s a little more about that process.  
 
When the electrons from the cathode hit the tungsten anode they suddenly stop and 
give up their energy in two ways: 
  

1. Bremsstrahlung Radiation: This word stands for “braking radiation.”  As the 
electron hits the anode, it passes near the nucleus of the tungsten atom. The 
attractive force of the nucleus causes the path of the electron to bend around 
the nucleus.  Kinetic energy is lost as the electron path bends. This energy is 
given off as heat (99%) and x-rays (1%).  Think of bremsstrahlung radiation 
like Fred Flintstones feet heating up and turning to smoke when he puts his 
foot out to stop his car.  Fred is converting mechanical energy (the movement 
of his car) into electromagnetic energy (heat).  In the x-ray tube, mechanical 
energy (electrons moving across the tube) is converted to electromagnetic 
energy (x-rays and heat.) 
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****Remember: a spectrum of x-ray energies are produced by this process. 
This means that the x-ray beam is made up of photons of variable energy. 
Trust me, this is important.   

   
 
 

2. Characteristic Radiation: The electron may also smash directly into an 
electron in an inner shell of the tungsten atom. The electron it hits is ejected 
creating a vacancy in the electron shell. This vacancy is filled by an electron 
from a higher shell. As the new electron drops into the lower shell, energy is 
released in the form of an x-ray.  

 
***This is called characteristic radiation because there are only a few discrete 
or specific energies of the x-rays produced which is “characteristic” of the 
element from which it is produced. The energy of the released x-ray is equal 
to the difference between the binding energy of the two electron shells 
involved. (Phew!) 
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Quick Review: When electrons hit the anode x-rays are formed by two processes. 
The resulting beam is composed x-rays of many different energies. In addition to x-rays, 
a lot of heat is produced. What happens to the heat? Unfortunately, the amount of heat 
is so large that without a means to dissipate the heat, the heat would ruin the anode. 
Fortunately, there is a simple solution….. 
 
 

The Rotating Anode: The sweet song of an x-ray 
machine  
 
If any of you have ever pushed the button to take a radiograph you know that you are 
supposed to press it half way and wait while something in the machine starts to spin 
and hum. That thing is the anode spinning around.  
 
Why a rotating anode anyway? The anode rotates to dissipate the heat. As the 
anode spins, the electron beam interacts with a new part of the anode as it spins. Again, 
a rotating anode spreads the x-ray formation and heat over a larger area. If it did not  



spin, the electron beam would hit the same part of the anode at all times which would 
damage the anode. The area where the electron beam hits the anode is called the focal 
spot.  In addition to prolonging the life of the anode, this heat dissipation also has two 
other effects: 

1. It allows us to use a higher energy electron beam which produces more 
x-rays of higher energy.  This allows us to image thicker body parts.  

2. It allows us to use a smaller focal spot. I hate to keep you waiting but 
you must see the next section to learn why this is important. 

 
Focal spots and the infamous line focus principle:  
 
An analogy: The size of the focal spot influences the detail of the image. An analogy 
would be to compare the shadow that results when an object is illuminated by two 
different lights. The first light is a normal everyday fluorescent room light. The second is 
a simple flashlight. Now, if you were to compare the shadows these two lights produce 
you would find that the border of the shadow is a lot sharper from the object 
illuminated with the flashlight. In our situation, the flashlight represents the small focal 
spot and the room light represents a large focal spot. We want a shadow that is crisp. 
This is how the size of the focal spot influences the detail of the image. So, ideally we 
would like to use the smallest focal spot possible. However, decreasing focal spot size 
(and keeping the number and energy of the incident electrons the same) increases heat 
loading on that piece of anode. Previously we said that if we could use more anode we 
could dissipate more heat. Fortunately, there are solutions.  
 
One method uses 2 separate electron sources in the cathode by using two different 
filaments. A small filament creates a small focal spot, which increases detail, however, it 
limits the amount of heat that can be handled by the anode. Conversely, a larger 
filament will create a larger focal spot which increases heat loading but decreases detail. 
Common focal spot sized range from 1.0-2.5mm. As you will see, everything in 
radiology is a trade off. 
 
The second method entails tilting the anode is angled away from the cathode! The 
reason for this lies in the line focus principle. It goes like this……The anode is angled 
toward the cathode. This allows us to use a larger actual focal spot (the area of the anode 
where electrons impact) while reducing the size of the projected focal spot (the area of the 
focal spot that is seen when viewed from below). This is hard to put into words. You 
might be better off thinking about the picture below, then reading the previous sentence 
again.  
 



 
 

  Large angle anode                  Small Angle Anode 
 
 
 
 
In general, the smaller the angle of the anode, the larger the actual focal spot (good to 
dissipate heat) smaller the effective focal spot (good to improve detail). There is one 
drawback…the heel effect. 
 
 
 
 
  The heel effect: The heel effect is due to a portion of the x-ray beam being 
absorbed by the anode. This results in an x-ray beam that is less intense on the anode 
side and more intense on the cathode side. The heel effect is more pronounced with 
steeper anode angles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Anode Catho

Cathode side Anode side 

     31         73          100       105          92         % Intensity  
 
 
 



 
 
 
 ***Clinical correlate: (finally some news you can use). Since the x-ray beam will 
be more powerful on the cathode side, always place thicker body parts under the 
cathode side to give a uniform exposure across the radiograph.  
 
 
 
 
 
 

X-ray generators: 
 
An x-ray generator is the device that supplies electric power to the x-ray tube. An x-ray 
generator begins with a source of electrical energy (duh!). In the United States any 
building will have 115 or 230-V, 60Hz alternating current. Obviously if something is in 
bold print it is important: here’s why:  
 
   

Alternating current as it comes out of the wall 
 
 
An x-ray tube cannot use simple alternating current. An alternating current looks like a 
sine wave. It goes up and it goes down. First it is positive, then it is negative. If this 
undulating wave form is applied to an x-ray tube electrons would first go toward the 
anode, then they would reverse and go toward the cathode. This would only happen 
one time because the cathode would be destroyed. Needless to say this is not what we 
are after here. To keep electrons going in one direction, the generator must first convert 
the alternating current into direct current. A rectifier performs this function.  
 
A rectifier is a device that allows current to flow in only one direction. There are two 
ways to rectify alternating current and make it flow in only one direction: 
 
First: half-wave rectification: In this form of rectification the negative part of the sine 
wave is simply chopped off. A generator that produces this type of waveform is called a 
single phase, half wave rectified generator. This type of generator produces 60 pulses 
of x-rays a second. This type of rectification would work but x-rays would only be 
produced in spurts, as only half of the wave cycle would be used to produce x-rays.  



Think of it like taking a picture with a strobe light. It would work but it is incredibly 
inefficient.  There is a better method of rectification.  
 
 

The alternating waveform with half wave rectification 
 
 
 
Second: Full-wave rectification: In this form of rectification, the negative part of the sine 
wave is inverted. This allows x-rays to be formed during the whole cycle of current. A 
generator that produces this type of waveform is called a single phase, full wave 
rectified generator. It produces 120 pulses of x-rays each second.  
 
 

The alternating waveform with full wave rectification 
 
 
 
So now we have rectified the current into a form of direct current that can produce x-
rays during a whole cycle. Well, this is good but not as good as it gets. As you can see 
from the diagram of the full wave rectified waveform x-rays are still produced in a 
cyclical manner. There are peaks and valleys in the waveform. There must be a better 
way. There must be a method that will produce x-rays at a near constant level. (That is 
our goal by the way, to produce x-rays in as constant a level as possible. )  
 
In order to accomplish this goal, an x-ray generator takes three separate lines of current, 
that are out of phase, performs a full wave rectification, and superimposes them.  A 
generator that produces this type of waveform is called a three phase, full wave 
rectified generator. This process is tough to describe without a diagram so look below.  
 
 



 
 

A three phase, full wave rectified waveform 
 
 
 
 
As you can see the wave is still pulsatile but it is more uniform from peak to valley. Not 
perfect but close. Unfortunately, these are expensive units and the wiring to a hospital is 
also expensive. These types of generators are uncommon in veterinary offices. 
Fortunately, there is yet another method of generating the elusive constant beam of x-
rays.  
 
Last but not least there is the high frequency generator. These types of generators still 
do the rectifying business but they also convert the 60Hz current to produce a whopping 
100kHz output. The specifics aren’t important, just know that a high frequency 
generator can produce a near constant beam of x-rays. One of the bonuses about the 
high frequency generators is that they can use the current coming out of the wall. Just 
plug it in and go.  
 
Quick review: We want a constant beam of x-rays so we do a bunch of stuff like 
rectifying the wave, using a three phase current, or increasing the frequency of the 
output. What happens if the current coming from the wall is not constant . You can have 
the best generator in the world but it can’t do a thing with unstable current coming into 
the generator. Garbage in, garbage out. Again, we have a solution… 
 
 
Line voltage compensation 
 
A line voltage compensator adjusts the incoming line voltage to keep it at a level needed to 
produce a constant beam of x-rays of the energy that you want. Some machines do it 
automatically but some (portable units) require you to do it manually. Don’t forget to do  



it. You’ll be sorry if you don’t.  The penalty for forgetting to adjust the line voltage is 
simple…you get a crummy…usually underexposed radiograph. This isn’t much of a 
problem on a day to day basis but trust me when you road warriors out there go into a 
dark barn, on your daughters birthday, on a Sunday night, at 3AM, in a rainstorm, to 
radiograph a foal, for an owner that is 3 months overdue on previous payments to you 
(you wanted to work on horses remember), and gives you a $0.93 extension cord that 
runs ½ mile to the house to supply power to your x-ray machine and you forget to 
adjust the line voltage compensation on your machine…your radiographs will be 
nondiagnostic and you get to go back out there to do it again. Be warned. 
 
 
 

Care of the x-ray machine 
 

Last but not least, I want to mention a few things about taking care of the x-ray 
machine. In no particular order: 
 

1. Do not drop or hit the x-ray tube. It is made of glass and is quite fragile. Be 
particularly careful with portable units 

 
2. Don’t leave your x-ray machine on continuously. At AUCVM we do because 

we have to. We take radiographs all day long. However, in your practice if 
you only take a few radiographs a day you can prolong the life of your x-ray 
machine by turning it off when not in use.  

 
3. Don’t hold down the rotor button prior to making a radiograph for any 

longer than you have to. When the rotor is on, the filament is heating. Since 
the filament has a finite life, heat it as little as practical.  

 
4. Don’t make too many high KV/MA exposures too rapidly in succession. 

Most machines have a circuit that will not permit you to overheat the tube 
for any given exposure. However, these circuits do a poor job of telling you 
when the tube is getting too hot after repeat exposures. Always allow the 
tube to cool for an appropriate amount of time after “big” exposures.  


