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X-RAY SPECTROSCOPY 
 

In this experiment you will use an X-ray machine in fluorescence mode to obtain characteristic X-
ray spectra due to electronic transitions among the atomic energy levels of a metal sample.   
 
Theory 
 
To date, the experiments in this course have all dealt with nuclear processes, i.e. with transitions 
within the nucleus of an atom that result in the emission of an energetic particle.  In this lab, we 
step out of the nucleus to study transitions within the set of electrons that surround the nucleus. 
 
Figure 1 depicts the electrons in orbits around the center dot which represents the nucleus.  (This 
is, or course, an extremely simplified depiction:  More accurate models of the atomic structure are 
much, much more complicated; but this model is sufficient to convey the basic ideas.)  Recall that 
the nucleus is positively charged, and the electrons negatively charged.  So, the number of 
electrons in a neutral atom equals the number of protons in the nucleus which, you recall, defines 
the chemical element. (1 proton: Hydrogen; 2 protons: Helium; etc.)  

   
Figure 1.  A depiction of electrons in orbits (“shells”) around a nucleus. 

 
Since the electrons are attracted to the nucleus, it is convenient to consider the electrons in their 
orbits as having negative energy; i.e., you must do work on an electron (give it some energy) to 
break it loose (“free”).    Conversely, a free electron that “falls into” a vacancy in one of the shells 
must lose energy, which it does by emitting electromagnetic (EM) radiation.  An electron in an 
outer shell is not very tightly bound since it is farther away from the nucleus and electrically 
shielded by the inner electrons.  So, when a free electron falls into a vacancy in an outer shell, the 
EM radiation that it emits is of low energy.  For elements with several electrons, such radiation is 
the infra-red range.  Electrons that fall into shells that are closer to the nucleus emit more 
energetic EM radiation (visible light, ultra-violet light).  For elements with four or more protons, 
the energy lost by an electron falling into the inner-most orbit (the “K-shell”) is high enough that 
the emitted EM radiation is in the x-ray range. 
 
Note that there is a relationship between the energy, E, of a photon of EM radiation and its 
wavelength, λ: 
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where h is Planck’s constant and c is the speed of light.  Since h and c are known, we can 
determine the energy of an electron in a K-shell by measuring the wavelength of the EM radiation 
that is emitted when an electron falls into an inner shell vacancy. 
 
Actually, the situation is just a bit more complicated.  When an inner shell vacancy is filled, the 
electron that fills it usually comes from one of the higher shells.  Since electrons in the higher 
shells are already at a negative energy, the energy that is emitted is less than would be emitted if a 
free electron filled the shell.  As shown in Figure 2, the least amount of energy is emitted when 
the electron that fills the K-shell comes from the next shell (the “L-shell”).  This radiation is 
called Kα and, having the least energy, it has the longest wavelength.  Kβ radiation has a shorter 
wavelength, and so on.  (To avoid confusion, be aware that the use of the Greek letters α, β, etc. 
to name atomic transitions is completely unrelated to their use in naming the nuclear decay 
particles: α particles, β particles,…) 

 
Figure 2.  K-shell transitions. 

 
Note that this process also works in reverse: Not only do electrons emit x-rays when they 
transition to a vacancy in a lower shell; x-rays incident on an atom can give energy to an electron 
that is bound in a shell thus ejecting it and causing a vacancy in that shell.  We take advantage of 
that phenomenon to produce the vacancies that lead to the characteristic x-rays we will be 
studying. 
 
For this experiment, the X-ray machine is operating in fluorescence mode, shown schematically 
in Figure 3.  Electrons are accelerated through a high voltage to bombard a tungsten (W) target.  
As they slow down in the target, the electrons lose energy by emitting bremsstrahlung (German 
for "braking radiation") X-rays.  These X-rays in turn are collimated to strike a secondary sample 
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target whose characteristic X-rays one wishes to measure.  The bremsstrahlung X-rays eject K-
shell electrons from the atoms in the sample; the vacant inner levels are then filled by outer 
electrons which cascade down in energy, giving off the characteristic X-ray spectrum for the 
sample.   
 
To measure the wavelengths of these characteristic X-ray photons, and hence determine their 
energies, the X-rays are diffracted by a lithium fluoride (LiF) crystal.  The quantitative physics of 
the diffraction process are beyond the scope of this course.  Suffice to say that the longer the 
wavelength of the emitted X-rays, the larger is the angle at which they diffract.  Hence, by noting 
the angles at which X-rays are found, one can calculate the energies of the X-rays and thereby 
determine the elements in the sample being studied. 
 

 
 
Figure 3.  Production of X-rays in a sample by incident bremsstrahlung 

 
Experiment 
 
The goal of this experiment is to identify an unknown sample by bombarding the sample with X-
rays.  A chart that hangs in the X-ray room makes the task easier; that chart gives the angle at 
which the Kα peak occurs for all of the elements.  However, you will have to find the approximate 
range within which the Kα and Kβ peaks lie, take an X-ray fluorescence spectrum over the range, 
and analyze the output to determine the Kα peak angle. 
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Since we only have one X-ray machine configured for X-ray fluorescence, and since running the 
experiment with more than four people at a time is ineffective, your team will have to join with 
another team and schedule a one-half hour time slot with the lab director to run this experiment.  
However, note that you will still meet in the lab (RBH 105) on your appointed week and at 
your appointed time (1:10 on Thursday) to get the pre-experiment explanation and safety 
briefing.  Scheduled times can begin at 2:00 of the day you meet in lab and must be scheduled for 
Thursday or Friday.   
 
Your group of four can reserve a time slot by sending an e-mail giving your preferences to: 
 

lovelandg@kenyon.edu 
 
Include all four team members’ e-mail addresses in the CC: list.  Time slots will be reserved in 
the order that requesting e-mails are received and a confirmation e-mail will be sent out. 
 
 
Pre-lab questions – due at 1:10 on Thursday (normal lab time) 
 

1. List the chain of events, starting with the acceleration of electrons in the x-ray tube, which 
result in the production of characteristic x-rays from the target element.  Include the events 
taking place in the atom. 
 

2. The maximum energy of the bremsstrahlung x-rays is determined by the high voltage that 
is applied to the X-ray tube.  How does this maximum dictate the shells in the sample 
atoms from which electrons can be ejected?  How does this affect the characteristic x-rays 
that can be generated in the samples?  (This question, which follows from Question 1, can 
be answered entirely on the basis of energy considerations, without use of equations.) 

 
3. Find the value of hc in units of eV - nm.  Cite reference sources used. (A nanometer (nm) 

is 1x10-9 meters.) 
 

4. The wavelength of the Kα X-ray from copper is 0.1542 nm.  Using Equation 1 and your 
answer for Question 3, find the energy of the copper Kα X-ray.  Compare that to the 
energies of the gamma rays you measured in the Gamma Ray Spectroscopy lab. 

 
  


