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Fundamental of Radio Physics

X-Ray Tube Heating and Cooling



The X-ray tube is the primary component 

responsible for generating X-rays. Inside the tube, 

electrons are accelerated toward a metal target 

(usually made of tungsten) to produce X-rays. Most 

of the energy from these high-speed electron 

collisions is converted into heat, with only a small 

portion resulting in X-ray production.

- Efficiency of X-ray Production: Only about 1% 

of the electron energy is converted into X-rays, 

while 99% of the energy is converted into heat.

- Heat Concentration: This heat is generated in a 

very small area on the target, called the focal spot. 

The focal spot needs to dissipate this heat 

efficiently to avoid damage to the tube.

1. Mechanism of Heat Production 
The X-ray tube is the heart of the X-ray system, 

where the majority of heat is produced due to the 

following process:

A. Electron Acceleration: Inside the X-ray tube, 

electrons are emitted from the cathode (a heated 

filament) and are accelerated toward the anode (target) 

by a high voltage, typically in the range of 40-150 kV. 

The kinetic energy of the electrons increases as they 

travel toward the anode due to the strong electric field 

applied between the cathode and anode.

B. Electron-Anode Interaction: When the high-speed 

electrons strike the anode’s surface, most of their kinetic 

energy is converted into heat through collisions with the 

atoms in the anode material (usually tungsten).Only a 

small fraction of the electron’s energy results in the 

production of X-rays (through Bremsstrahlung and 

characteristic X-ray production). The majority of the 

energy is dissipated as heat.

C. Bremsstrahlung and Heat: Bremsstrahlung (or 

"braking radiation") occurs when electrons are 

decelerated by the electric field of the atomic nuclei in 

the anode. This process generates X-rays, but it also 

releases significant amounts of heat due to the energy 

loss by the electrons.



D. Characteristic Radiation and Heat: 

Characteristic radiation is produced when incoming 

electrons dislodge inner-shell electrons in the anode 

material. This also results in energy loss for the 

electrons, with most of this lost energy manifesting as 

heat.

2. Heat Management Challenges
   Since the anode faces constant bombardment by 

high-energy electrons, heat management is a major 

challenge in X-ray systems. If not managed properly, 

heat can cause:

- Anode Melting: Overheating can cause the anode 

to melt or distort, particularly at the focal spot.

- Cracking: Excessive heat can cause thermal 

stress, leading to cracks in the anode or tube.

- Reduced Tube Life: Persistent overheating can 

lead to premature failure of the X-ray tube, 

resulting in increased maintenance costs and 

downtime.

3. Heat Capacity
    Heat capacity refers to the ability of the X-ray tube, 

particularly the anode, to absorb and store heat without 

becoming damaged or overheating. The heat capacity of 

the anode is critical because X-ray generation is an 

energy-intensive process, and managing the heat 

produced is essential to ensure safe and continuous 

operation of the X-ray system.

A. Definition of Heat Capacity:

- Heat capacity is the amount of heat energy a material 

can absorb before its temperature rises by a certain 

amount. In X-ray systems, it specifically refers to the 

ability of the anode and tube housing to absorb heat 

generated during X-ray production.

- In simple terms, it is the "thermal buffer" that 

determines how much heat the system can 

accumulate before it reaches a critical temperature 

where cooling is required.

B. Anode Heat Capacity:

- The anode in an X-ray tube, often made of tungsten or 

a tungsten alloy, is the primary component that absorbs 

most of the heat produced during electron collisions.



The heat capacity of the anode depends on several 

factors:

- Material properties: Tungsten, with its high 

atomic number (Z = 74) and melting point (around 

3,422°C), is commonly used because it can absorb 

large amounts of heat without melting or degrading.

- Anode size: A larger anode has a higher heat 

capacity because it has more material to absorb and 

store heat.

- Rotating Anode: In most modern X-ray tubes, the 

anode rotates during exposure, distributing the heat 

over a larger surface area, which increases the 

effective heat capacity and reduces the risk of 

localized overheating.

C. Housing Heat Capacity:

     The tube housing also plays a role in heat capacity, 

as it contains mechanisms (oil or water cooling) to 

absorb and dissipate heat from the anode and other 

components. The housing’s heat capacity, combined 

with the cooling system, determines how quickly the 

tube can cool down between exposures and how much 

heat the entire system can tolerate during extended use.

D. Factors Affecting the Heat Capacity

   Several factors influence the heat capacity of an X-ray 

system, particularly the heat capacity of the anode and 

tube housing. These factors determine how much heat 

the system can absorb and manage before requiring 

cooling. 

1. Focal Spot Size

    The focal spot size is the area of the anode where the 

electron beam strikes. Smaller focal spots concentrate 

heat in a smaller area, reducing the anode’s ability to 

spread and dissipate heat effectively. Larger focal spots 

distribute the heat over a broader area, increasing the 

effective heat capacity and allowing the anode to tolerate 

more heat before becoming damaged. In rotating anodes, 

the focal spot moves along a circular path, distributing 

the heat across a larger surface, which helps manage 

higher heat loads.

 2. Anode Size and Mass

    The size and mass of the anode directly impact its heat 

capacity:

- Larger Anode: A larger anode can absorb more heat 

before reaching critical temperatures. The increased



surface area allows for greater heat distribution, 

reducing the likelihood of localized overheating.

- Heavier Anode: A more massive anode has a 

higher capacity to store heat, as it contains more 

material to absorb energy. This increases the 

thermal capacity and allows the system to tolerate 

higher heat loads before requiring cooling.

3. Rotating Anode Speed

- Faster rotation spreads the heat generated by 

electron bombardment over a larger area of the 

anode surface, preventing any one spot from 

absorbing too much heat at once.

- Higher speeds allow the anode to tolerate greater 

heat loads without reaching critical temperatures, 

thus improving its effective heat capacity.
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