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4.  Laser Modes TC  "Laser Modes" \L 1 
Originally by Tim Saint and Asa Hopkins (students)

(Revised by Jerry Gollub, 2002; further revised by Suzanne Amador Kane 2005)
“Lasers are amazing devices which emit beams of light powerful enough to vaporize a bulldozer, yet are so precise that they can be used in delicate optical surgery, provided the surgeon remembers to change the setting on the laser to ‘delicate optical surgery’ from ‘vaporize bulldozer.”

- Dave Barry, Haverford alumnus, on the topic of lasers

Introduction and Background


Dave Barry is right about one thing: Lasers are useful. Their applications are myriad and diverse- but in all cases lasers are useful for the simple reason that they emit light with a narrowly defined wavelength with a well-defined direction, as opposed to the traditional light bulb, which emits a broad spectrum of light wavelengths in diffuse directions. (Scientifically, we call this temporal coherence—a well-defined frequency of light is emitted with a well-defined phase—and spatial coherence—the light is also emitted in a highly parallel beam.)  However, the wavelength distribution of laser light is more complicated than you might initially think.  Rather than emitting at a single wavelength, the laser instead emits light at several distinct wavelengths, in a relatively tight, Gaussian distribution centered at the ideal wavelength. 


This distribution of wavelengths has important ramifications – but primarily for people who have to spend a lot of time with lasers. As long as your CD player is working, you don’t need to worry too much about the results of this distribution. Rather, as a physics student, you should be concerned with the causes of this distribution, many of which turn out to be (surprise!) quantum mechanical.


In this laboratory you will use a Fabry-Perot interferometer to measure the intensity of light emitted from the laser as a function of frequency.  You should find that the radiation is not monochromatic, but rather that the radiation is concentrated in certain discrete modes that are characteristic of the laser cavity.  

Additional References:
· Donald O’Shea, W. Russell Callen, and William Rhodes, Introduction to Lasers and Their Applications, pp. 126-131 (Reserve Reading)

· Yariv, Introduction to Optical Electronics, Holt, Reinhart and Winston, New York, 1975. (Reserve Readings)

· Lengyel, Introduction to Laser Physics, John Wiley and Sons, New York, 1966. (Reserve Readings)

· T. Kallard, Exploring Laser Light, pp. 1-6

· Frank J. Blatt, Modern Physics, pp. 191-198

The Helium-Neon Laser


The word laser stands for light amplification by stimulated emission of radiation.  The Helium-Neon laser is commonly used in instructional laboratory experiments and applications.  This laser utilizes many of the same strategies as other lasers do to cause stimulated emission of light. The basic idea is as follows: the laser consists of a container of Helium and Neon gas atoms (normally in a 10:1 ratio), with mirrors at both ends and a voltage applied along its length. When the voltage is applied, an electric discharge causes electrons to strike the Helium atoms and raise them to the excited 1s12s1 state.  (See Fig. 1.)  The goal is what is called a population inversion, where more Helium atoms are in an excited state than in the ground state. This happens because the excited state is metastable — atoms in that state decay relatively slowly to the ground state, so that the excitation process causes them to accumulate in the excited state. 

Figure 1  Energy levels for the Helium-Neon laser.  This exact energy level diagram shows the more commonly used red lasing line.  The energy level diagram for the green lasing line used here is similar.  Source:  http://kottan-labs.bgsu.edu/teaching/workshop2001/chapter4a_files/image024.gif

Once the helium atoms are excited, the neon atoms come into play. The energy needed to excite helium to the 1s12s1 state is almost exactly the same as the energy needed to excite the neon to its 2p55s1 state. Once the helium population is successfully inverted, excited helium atoms will strike neon atoms and transfer their energy to the neon (the helium atoms then return to their ground state). Since the 2p55s1 neon excited state is more stable than those below it, there is a buildup of neon atoms in this state, while the atoms in other states decay to the ground state. Once a photon is released from the decay of the neon 2p55s1 state to the neon 2p53p1 state through ordinary random emission of a photon (called spontaneous emission), this photon can interact with another neon atom and force it to de-excite in the same way.  When a photon stimulates emission of a second photon in this fashion, the second photon is emitted with exactly the same energy, phase and direction as the first.  This purely quantum mechanical effect is called stimulated emission.


Many of the photons simply escape from the sides of the cavity, never to be seen again.  However those that happen to travel along the axis of the cavity and have the correct frequency to interfere constructively after reflection by the mirrors will survive for a long time, and can induce even more neon atoms to radiate photons into the same state, thus forming a phase coherent and parallel beam.  Thus, a standing wave develops between the two mirrors at either end of the cavity.  The allowed wavelengths are those for which the cavity length is an integral number of half wavelengths.  


Photons are not trapped in the cavity completely, or no useful laser would exist, but most photons must be reflected at the mirrors in order to maintain constructive interference.  For this reason, the mirrors are usually 99% reflective at the front mirror, and 99.9% at the back one (from Exploring Laser Light by T Kallard).  This means that a particular photon will reflect about 100 times, giving a high probability to induce stimulated emission, before emerging from the front mirror and leaving the cavity.  This abbreviated discussion is not meant to substitute for reading in the library!

Line Broadening Effects and Laser Modes


Since a laser works by producing many identical photons, each with the same frequency E/h, the light from a laser exhibits that frequency. For the laser used in this experiment (UniPhase model #1674P),  the listed wavelength of emission is 543.5 nm. Thus, its plot of intensity versus wavelength should be zero everywhere except at a wavelength of 543.5 nm. However, several effects combine to produce broadening of the emitted spectral line. 


Figure 2 shows a plot of intensity versus frequency that demonstrates the presence of more than one wavelength. The peaks are a result of longitudinal laser modes, as we will explain shortly.  This plot also shows a high level of resolution, with ten laser modes visible. Although eight to ten laser modes are typical, you most likely will not be able to attain such high resolution. The broadening occurs from a variety of effects, two of the most important of which are Doppler broadening and lifetime broadening. 

[image: image1.jpg]eeeeeeeee




Figure 2. High resolution intensity versus frequency plot, showing broadening and modes. (Taken from Yariv, Introduction to Optical Electronics)

Doppler Broadening


Recall the Doppler effect from first-year physics. An object at rest emits a wave of some fixed frequency. An observer also at rest senses the wave at the same frequency. However, if the source of the wave is moving with respect to the observer with the frequency held constant at the source, the space between peaks of the wave will grow or shrink for the observer at rest, resulting in a higher or lower frequency wave sensed by the observer. For example, stars that are moving away from the Earth are seen to be “red-shifted” because the Doppler effect has lengthened the wavelength.


Within the laser, a similar effect occurs, although at a much smaller scale. The random thermal motions of the neon atoms in the hot gas affect the wavelength of light emitted by the laser. While the energy of the atomic transition remains constant, the wavelength will be observed to be shorter if the emitting atom is moving towards the photodiode, and longer if it is moving away. The random distribution in the motions of the neon atoms results in a smearing of the emitted frequency, an effect called Doppler broadening.
Pre-lab question:  Derive a formula for the Doppler broadening for a gas of neon atoms at absolute temperature, T, using your intro physics expression for frequency (or wavelength) shift as a function of speed of the emitting object and the equipartition theorem.  Typical values quoted in the laser literature for helium-neon lasers are 800 to 1600 MHz FWHM (Full Width at Half Maximum), so you can extract an approximate laser temperature from your formula. 

Selected Readings covering Doppler Broadening:

· Taylor, John R. and Chris D. Zafiratos, Modern Physics for Scientists and Engineers, pp. 35-39

· Bransden, B.H. and C. S. Joachan, Introductory Quantum Mechanics, pp. 73-75, 513-514

· O’Shea, Donald C., W. Russell Callen, and William T. Rhodes, Introduction to Lasers and Their Applications, pp. 81-83 (Library Reserve)

Lifetime Broadening


The Heisenberg uncertainty principle tells us that the product of the uncertainty of the energy of a system (E) and the uncertainty of its lifetime (t) is always greater than or equal to h/4 (Et ≥ h/4).


As described above, the photons in the cavity of a typical HeNe laser are produced when 2p55s1 neon atoms decay to the 2p53p1 energy state, and the energy of each of these photons is equal to the energy difference between these two energy states. The average duration, t, of the neon excited state determines the uncertainty in the energy of the photons emitted. (Long-lived states produce sharper spectral lines than do states with short lifetimes.) Since E=hc/(, the uncertainty in E also leads to an uncertainty in (, since h and c are known constants having little (h) or no (c is a standard for defining other units!) uncertainty attached to their values. Thus, this quantum mechanical effect is a further cause of the broadening of the laser spectrum, although much less significant than Doppler broadening.
Pre-lab question:  Look up a typical value of a radiative lifetime and the associated broadening in frequency for a typical atom.  You can find a value in Griffiths, Introduction to Quantum Mechanics (pg. 359), Eisberg and Resnick, Quantum Physics of Atoms, Molecules, Solids, Nuclei  and Particles, (pg. 75-76) or other quantum textbooks under discussions about the energy-time uncertainty principle, and other places.  Recalling that the helium-neon atoms emit light from a more stable state than is typical, would you expect this lifetime broadening effect to be significant compared to the Doppler broadening computed above?

Selected Readings covering Lifetime Broadening:

· Saxon, David, Elementary Quantum Mechanics, pp. 200-201

· Bransden, B.H. and C. S. Joachan, Introductory Quantum Mechanics, pp. 73-75, 508-512

· O’Shea, Donald C., W. Russell Callen, and William T. Rhodes, Introduction to Lasers and Their Applications, pp. 85-88
Laser Modes


As you may have noted from Figure 2, there is more going on than simple broadening. The other main feature observed is the phenomenon of laser modes. These peaks result from the constructive interference of many wavelengths within the laser cavity with length d, but they are distinct from each other. Since the photons form a standing wave in the laser cavity, they must satisfy the condition, 
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LM , between these modes is c/2d. The broadening from Doppler and lifetime effects covers more than one of these modes, so the peaks you see are guided by the overall Gaussian shape of the broadening effects. 


Figure 3 clearly shows the fundamental physics of this process. Again, the peaks shown in the last graph are not quite what you will see. Here each mode is represented by a sharp line, but your spectra will have 2 to 4 (more only if you are very careful and lucky) overlapping peaks.
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Figure 3. Illustration of how the broadened laser transition combines with the longitudinal cavity modes to create the laser output. (Taken from O’Shea et al., An Introduction to Lasers and Their Applications.)

Pre-lab question:  Assuming your laser cavity is approximately 0.5 m long, what is the number n in the equation for the standing wave criterion above?  (Do not be surprised if n is an extremely large number!)  What would the spacing between wavelengths be in the plot in Fig. 3 as a result?   If temperature variations change the laser cavity length, they will shift these frequencies by an amount that depends upon the cavity length, d, and the thermal expansion coefficient of the laser cavity’s materials.  Assume that your laser is made out of Super Invar, a material selected for very low coefficient of thermal expansion of less than 0.63 parts per million (PPM), by how much would the frequency change for a one degree Celsius shift in temperature for a 0.5 m long laser?  For a 10 cm long laser pointer?  Taking into account the numbers given above for linewidth broadening, what problems might your last calculations imply?

Read all about laser modes in: O’Shea, Donald C., W. Russel Callen, and William T. Rhodes, Introduction to Lasers and Their Applications, pages 89 to 97.

Fabry-Perot Interferometer


The Fabry-Perot interferometer transmits light of very specific wavelengths only. As is the laser itself, the FP interferometer is an optical resonator. It consists of a pair of partially silvered plane mirrors. When a half-integral number of wavelengths exactly fits in the distance L between the plane mirrors, radiation can build up in the FP cavity, and an enhanced amount gets through the other side as well.  Piezoelectric transducers, which are attached to one of the mirrors, can make very small accurate changes in the distance between the mirrors, thus changing the wavelength of light that is transmitted. Changing the voltage on the piezoelectric transducers varies the distance at which the mirrors are held apart. (Piezoelectric materials are also used in Scanning Tunneling Microscopes, to precisely position the tip.)


The interferometer  control circuit applies a voltage that varies with time to the transducers. The time dependence is not sinusoidal; rather, the voltage increases slowly from the minimum to the maximum voltage, then drops quickly back down to the minimum (a sawtooth wave). Both the speed at which the voltage increases and the range of voltages over which it sweeps can be adjusted, and you should take advantage of these options. 


When the voltage range is large enough, you will see two nearly identical sets of laser modes. These correspond to differences of one in the number of half wavelengths in the interferometer cavity. The separation (in frequency or wavelength) of these identical copies is determined by the distance between the mirrors and is called the free spectral range (FSR):
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Knowing this, you can calibrate the horizontal axis of your plots by choosing a voltage range that allows you to see two sets of modes, and then reading mirror separation, L, off of the interferometer.  In other words, a FP interferometer cannot make an absolute frequency measurements.  Since the entire pattern repeats as the FP cavity is expanded by the applied voltage, the instrument only allows you to measure frequency differences.


Learn your interferometer inside and out.  We recommend the Instruction and Maintenance Manual for Tropel Model 350 Fabry-Perot Interferometer and 351 Linear Lamp Generator that is provided by your lab instructor. 

Interpreting Fabry-Perot Spectra


The free spectral range (FSR) of a Fabry-Perot is one of two parameters that characterize its performance.  The following plot shows schematically what one would see if you had a source of light that emitted one precisely defined wavelength, , with absolutely zero width.  (While this is a very unphysical situation that does not represent your experimental situation, it does allow us to understand some features of the Fabry-Perot.)  
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Figure 4  from Burleigh Fabry-Perot manual


Figure 4 represents the output of your Fabry-Perot if it is operated in the scanning mode, analogous to your experimental situation.  The y-axis represents the intensity of light transmitted by the Fabry-Perot.  The x-axis corresponds to wavelength of the transmitted light.  First, note that there is a repeat distance, FSR, between the peaks.  Second, note that there is a finite width, min, of each peak, even though the source of light emits light with one precisely defined ;  in other words, the width of each peak must be a characteristic of the Fabry-Perot itself.  Let us now examine the source of each effect.


When you scan the Fabry Perot, you change its length L.  For a given length L1, there is a resonant wavelength given by:
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After translation to a new length L2, you have a new resonant wavelength 
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Suppose that the translation distance L is exactly 
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.  (This corresponds to the repeat distance in the spectrum.)  Then:
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In the last step, we dropped the distinction between the two lengths (which differ by only one part in a million or so) and wrote it simply as L.  This sets the scale of your spectrum.  This repeat distance is called the free spectral range (FSR).  
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The FSR can be expressed equally well as a frequency difference (rather than a wavelength difference) by computing the change in frequency, 
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These relationships allow you to calibrate the repeat interval in your spectrum in either wavelength (or frequency) if you have measured the actual Fabry-Perot mirror separation, L (and its associated uncertainty.)


This explains why the Fabry-Perot spectrum repeats itself every FSR FSR, but it does not explain the nonzero width min of each peak.  To understand this effect, we turn to a discussion in a textbook (such as Introduction to Optics by Frank L. Pedrotti and Leno S. Pedrotti, Prentice-Hall, Englewood Cliffs, NJ—a copy of the relevant sections is to be found by the Fabry-Perot itself in lab.) There, the authors show how the transmission between two parallel mirrors with a incident ray of light incident at some finite angle depends upon the angle of incidence and the nonzero transmission coefficients of the mirrors (and their consequent imperfect reflectivities).  There you can find worked out the minimum separation between two different wavelengths, 1 and 2, that can be distinguished by an imperfect Fabry-Perot.  This limitation does not depend upon the FSR, but upon imperfections such as the nonideal angle of incidence and reflectivities of the mirrors, misalignment, nonideal mirror surfaces, etc.  A quantity, F, called the coefficient of finesse, can be computed from these values to explain the nonzero width min which even perfectly sharp sources with a single wavelength would have in a Fabry-Perot spectrum.  This relationship can be found in the source cited on page 296 and following pages.  (Fabry-Perot manuals may cite specifications such as the finesse for calculations such as these.)

Experimental Procedure

WARNING: You should know that looking directly into a laser is a bad idea for those of you who value your retinas. Serious and unrecoverable retinal burns can result if you look directly into a laser or a strong laser reflection.  If William Gibson is right, your retinas should fetch you a fair price on the black market in about twenty years. User laser alignment goggles whenever possible and save those retinas!  

Alignment


Getting the FP interferometer to work requires careful alignment. and several conditions must be satisfied simultaneously:  (a) A sufficient amount of the incident light must be parallel to the axis of the FP cavity; (b) The mirrors in the FP cavity must be precisely parallel to each other.  The method is described in the Burleigh interferometer manual, pp. 7-10 (available in the lab). 

1.  Coarse alignment (may have been done already so it might be omitted; check with instructor.)   One first sends a laser beam through a 3x5 card with a small hole and then through the BACK side of the FPI (the side without micrometers).  You first adjust the incident beam to be precisely perpendicular to the first mirror to be encountered (by making its REFLECTION go back through a hole in a 3x5 card.  Then you make the TRANSMITTED beam look like Fig. 3 from the FPI manual (see below), by adjusting the micrometer screws by SMALL AMOUNTS. Change only TWO of the micrometers that rotate the mirror about orthogonal axes.  Figure out which micrometers to turn BEFORE doing so; don’t change the third one, and please don’t rotate them by more than 1 turn without checking with an instructor.  
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Figure 5

2. Fine alignment:  (The use of the beam expander for this part may or may not be necessary.  Consult your instructor if you are not sure.  If you are not using a beam expander, proceed to the next paragraph and follow the instructions there for fine alignment.)  After the course adjustment is complete, make a FINE adjustment by directing the laser beam through a beam expander.  The beam should be approximately collimated, but should diverge slowly (i.e. its diameter increases gradually with distance).  Turn the FPI around, and let the incident beam go through its FRONT side, the one with the micrometers.  Adjust the beam so that it is again perpendicular to the incident mirror.  (Since the beam diverges slightly, of course, only some of the light will be precisely perpendicular to the mirror and parallel to the FPI’s axis.)   
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Figure 6:  The experimental setup


Whether or not you are using the beam expander, put a white card at the exit of the FPI, and look for light (in the dark).  If you see linear fringes, the two FPI mirrors are tilted with respect to each other.  Eliminate the fringes by turning TWO of the micrometers that rotate the mirror about orthogonal axes (as before).  Figure out which micrometers to turn BEFORE doing so; don’t change the third one.  When correctly aligned, the fringes disappear and the intensity will be fairly uniform across the image. (See Figure 7 below.)
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Figure 7:  (left)  fringes appearing for imperfect alignment, while (right) a uniform beam results for perfect alignment.  (Reproduced from Burleigh Fabry-Perot manual)

3.  Alignment of the photodiode:  Place a focusing lens at the opposite side of the laser. This should focus the beam onto the photodiode. The photodiode itself should be shielded by a pinhole with a very small aperture, which will allow only properly aligned laser light to strike the photodiode. The pinhole will also prevent other light sources from affecting the reading.  The light emitted from the Fabry-Perot Interferometer is focused into concentric circles. You want to measure only the point at the center of these rings. However, the rings may not be centered on your photodiode initially.   Your photodiode also is covered by a laser line filter, with a transmission curve that looks like Figure 8.  This enables you to take measurements with the room lights on, since only the laser light is appreciably transmitted.
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Figure 8:  Transmission spectrum for the green laser line filter.  (Thor Labs)

QUESTION: Why does the lens focus the transmitted light from the Fabry-Perot Interferometer into concentric circles? Think about light traveling at different angles with respect to the interferometer axis.  


4.  Electronic detection:  Set your oscilloscope to x-y mode, with the output from the Fabry-Perot interferometer being x, and the photodiode output being y. You now have a graph of intensity vs. voltage. 

Easy Question: Why is this really a graph of intensity vs. wavelength?

Adjust slightly the position of the photodiode to maximize the amount of incident laser light the photodiode is measuring, but be sure to capture only the center of the bulls-eye, or you will measure the intensity at all wavelengths at once, losing the spectral information.  At this point you should see only a dot on the oscilloscope. This is because you are not varying the voltage of the interferometer. Turn the interferometer on. You should now see the dot sweeping back and forth across the oscilloscope. If you are lucky you will see the dot describing peaks as it moves from left to right. 


5.  Superfine adjustment:  The FPI control box has 3 potentiometers that add small voltages to the three micrometers, and hence allow a superfine adjustment.  The center pot labeled “common” adds a voltage to all three, and hence translates the spectrum with respect to the free spectral range of the FPI.   Adjust these pots (and possibly the height of the pinhole) until the peaks are as SHARP as possible.


6.  Record data:  Once you have observed peaks you should record data. To reduce the noise use a low pass filter on the photodiode output, and scan slowly so as not to distort the signal.  Use the ‘Store’ function on your oscilloscope to save the trajectory of the moving dot on the CRT of the oscilloscope.  (You should notice that the dot traces a different path as it returns quickly from right to left than it does when moving ‘forward,’ from left to right. This phenomenon is due to hysteresis in the piezoelectric stacks, and you want to avoid looking at the return path.  


Plot the spectrum on a plotter.  Optimize the spectrum by going over the adjustments again.

You should take at least two spectrum a defined length of time (at least fifteen minutes) apart.

Final check before you leave the lab:

Note that you should measure the Fabry-Perot mirror spacing, L, know the wavelength of your helium-neon laser, estimate your laser mirror spacing, d, from the length of the laser itself, and understand everything you need to know about the experimental part of the lab before you leave lab.  You should have at least two best quality Fabry-Perot spectra for your system, and you should record how far apart in time and under what conditions your two spectra were recorded for later analysis. 

Experimental Results & Analysis


To interpret your Fabry-Perot spectrum, you should account for all sources of possible broadening of your observed spectra, and you should either measure, estimate, or do a literature search to identify, all quantities which might usefully enter into your discussion.


Sources of useful information might include Eisberg and Resnick, Quantum Physics of Atoms, Molecules, Solids, Nuclei and Particles (for lifetime broadening; are your values for this effect likely to be greater, equal to or smaller than any estimates you might find?), your intro physics textbook (for how to compute the Doppler broadening—you should have an argument regarding what causes the Doppler broadening and how to estimate how large this effect should be in the width of your wavelength;  you should look on the web for some typical numbers and compute your own estimate of your value from your spectrum!  These websites are quite useful for many issues: 
·  http://www.repairfaq.org/sam/laserhen.htm
· http://hyperphysics.phy-astr.gsu.edu/hbase/optmod/lasmodes.html
Be sure to include these elements in your final discussion and data analysis:

1.  Make sure that you understand precisely how the Fabry-Perot Interferometer (FPI) works in detail, including the concept of the free spectral range (FSR—see discussion below).

2. Analyze the shape of the spectrum on your plots. (This is basically the point of the lab.) What controls the shape of the spectrum?  Some possibilities are:  Doppler and lifetime broadening; FPI misalignment; and the finite reflectivity of the FPI mirrors. You may need to do additional research for this.   Estimate the overall width of the laser line (by comparing the FSR with the full-width-at-half-maximum (FWHM) of your laser emission curve), and compare this value to your estimated values for each of the possible sources of laser line broadening you have identified.  Measure the widths of individual peaks and explain what factors determine your value.
3. Determine the wavelength differences between the laser modes.  Explain how this can be done by comparing the peak spacing to the FSR and compute your actual value in terms of wavelength.   Compare your computed laser cavity length, d, with your estimate. 

4.  What happens to your spectrum as the temperature of the laser drifts?  Estimate the change in cavity length that occurs in 15 minutes by comparing the drift in longitudinal mode spacing over the same period.

5.  Make a list of issues that you need to clarify by research or discussion with the instructor.  Don’t be satisfied with vague understanding!
I find the above derivation a bit confusing, since it’s a lot easier if you just do it using calculus.  What is really changing is n, the number of modes, as you change the cavity length, L.  So, let’s compute:


	� EMBED Equation.DSMT4  ���


We’ll use this to compute the absolute value of  for discrete changes in n:  n = 1:


	� EMBED Equation.DSMT4  ���


The last step comes from using equation (2) to obtain n in terms of  and L.  We get equation (4) again since the derivations are equivalent.


In the next step, you’ll also want to bear in mind the relationship:   = c/so:


	� EMBED Equation.DSMT4  ���
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