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Abstract
We have been using low-cost spectrographs called shoebox spectrographs for a 

few years. In the process of our study, we decided to make a spectrograph using 

the same basic  optical design (as the shoebox spectrograph) but with quality 

optical parts. This new spectrograph was found to be easily aligned, very 

accurate (~ 0.2 Angstrom accuracy), and enables intermediate and advanced 

students to study molecular spectral lines. We will present theory of operation as 

well as accurate photographs of molecular spectra.
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Much like the case for a plane mirror, a set of rays emanating from a point 

will have diverging rays after interacting with the grating.  These rays will 

form a virtual image (rays spreading outward from the slit all have slightly 

different incident angles causing different diffracted angles).  If one uses 

the diffraction equation

   md mi  sinsin

(where d is the distance between features on the grating, i is the incidence 

angle, m is the diffracted angle, m is the order of the diffraction and  is the 

wavelength), one can do the math to locate the 1st order diffraction image.  

With use of the paraxial approximation, this image will be in a plane (image 

plane) behind the diffraction grating plane given by
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where 𝑆𝑖
(𝑚)

is the distance between image plane and the diffraction grating 

plane, 𝑆0 is the distance between the object plane and the diffraction grating 

plane, and  is the incidence angle between the grating and the center ray 

passing through the slit.  Through the two above equations (diffraction 

equation and image plane distance equation), the 1st order diffraction grating 

image can be uniquely located.

Explanation behind the Shoebox Spectrograph
The explanation is very reminiscent of the introductory physics explanation 

for how a plane mirror forms an image.  The big difference is that we replace 

the plane mirror with a diffraction grating which makes the math a bit more 

complicated.  Regardless, light from a slit is diffracted off a grating as shown 

below with only the 1st order diffraction shown for simplicity.  

The importance of these two equations:

• Different wavelengths of light will form diffracted images at different 

locations for |m|>0.

• If a near grazing incidence is selected for the grating ( approaches 

90), the image location is very distant from the grating plane.  This 

means that the camera will “see” these images as being far away.

• A real image is formed on the camera’s detector via its lens. 

• The longer the focal length of the camera lens, the more magnified the 

real image becomes on its detector.

Therefore, we replaced the webcam with a lens-less camera with a larger 

detector.  We also used a large focal length lens (to serve as the camera’s 

lens) to achieve large magnification which in turn gives us high resolution.
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The Shoebox Spectrograph
The shoebox spectrograph is approximately 30cm by 12cm by 7cm and its body 

is constructed from flat corrugated cardboard.  The only optical components are 

a slit, a DVD fragment (grating), and a viewport (aperture) with attached 

webcam which is rather unique.  The slit is cut into the spectrograph’s body 

using a common box cutter, the DVD is typically a blank writable DVD, and the 

viewport is also cut into the cardboard body (we used a hole cutter designed for 

rubber stoppers).  Thus, nothing is expensive or hard to construct.

However, there are many troubling differences from more standard 

spectrographs.  For example, a slit made by cutting a hole with a utility knife 

would seemingly cause grossly wide spectral features.  There is also no attempt 

at collimating the light which could cause issues in more traditional spectrograph 

designs.  In short, how does the shoebox spectrograph function so well?
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Example:  Nitrogen Spectra
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Optical Setup of our high resolution spectrograph
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Optical set up (cont.)
The dotted box contains most of the elements of the shoebox 

spectrograph.  The differences are…

• There is a lens after the slit.  Its purpose is to produce an image of 

the slit infinity away.  This would make S0  .

• The grating angle is now adjustable.  This became necessary 

because the complete real image that falls on the camera’s 

photosensitive detector, is now much larger than the detector.  To 

see different parts of the spectra we have to rotate the grating angle.

• The lens that forms the real image on the camera is now very 

separate from the camera (1.00 meters away)

Conclusion
We have designed a powerful spectrograph (based upon a low budget 

spectrograph’s design) that is easily aligned and takes accurate 

photographs of molecular spectra.  We have found that it can accurately 

locate atomic spectral lines to within ~0.2angstroms.
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The graph shown below is the intensity vs. wavelength for just the part of 

the spectrum that is seen inside the magnifying glass.  The rest of the 

spectrum is available for anyone interested.


