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Coherent excitation is a phenomenon which, if achieved, could provide a new 
tool for the investigation of many fundamental questions in atomic physics and 
quantum optics. A design which could produce such coherences could lead to 
applications as varied as lasing without inversion and electromagnetically induced 
transparency. In this thesis, the basic theory concerning the generation of coherent 
superpositions of the ground states of atomic rubidium is reviewed. Next, the design, 
construction, and testing of a Littrow-style grating-tuned laser and a standing wave 
electro-optic modulator used in generating sidebands at the frequency matching the 
rubidium hyperfine ground state doublet are described. An experiment demonstrating 
simultaneous absorption by the 85Rb F=2 and 85Rb F=3 using a single laser as the 
pump is chronicled. An experiment to test coherences generated by this method of 
single-source pumping of the ground state doublet is proposed. 
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tool for the investigation of many fundamental questions in atomic physics and 
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applications as varied as lasing without inversion and electromagnetically induced 

transparency. In this thesis, the basic theory concerning the generation of coherent 

superpositions of the ground states of atomic rubidium is reviewed. Next, the design, 

construction, and testing of a Littrow-style grating-tuned laser and a standing wave 

electro-optic modulator used in generating sidebands at the frequency matching the 

rubidium hyperfine ground state doublet are described. An experiment demonstrating 
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simultaneous absorption by the S5Rb F=2 and s5Rb F=3 using a single laser as the 

pump is chronicled. An experiment to test coherences generated by this method of 

single-source pumping of the ground state doublet is proposed. 
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CHAPTER ONE: INTRODUCTION 

The advent of inexpensive, narrow linewidth optical sources such as diode 

lasers reawakened the field of atomic and molecular physics, making possible many 

previously impractical or impossible explorations. One of these areas was the 

question of coherent states of matter. Which new phenomena lay waiting to be 

discovered if one could cause atoms to exist in a coherent superposition of their 

atomic states? Several researchers have shown that should such superpositions be 

achieved, they could be the basis for diverse projects from enormously improved 

microscopes to lasers that do not require the normal population inversion for the gain 

mechanism. 

A coherent superposition implies that two distinct atomic states are driven in 

such a manner that they cease to exist as individual units and instead exist together 

in a new, normally unreachable state. For the purposes of this thesis, the coherent 

superposition we will choose to examine will be a superposition of the ground states 

of rubidium. An alkali metal with a reasonably well understood atomic structure, 

rubidium has a ground state that consists of two hyperfine states split by a small 

energy difference, as is shown in Figure l1. The goal will be to generate Rabi 

oscillations between the ground state doublet and the 5P3/2 excited state (on resonance 

1 
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Figure 1:   Hyperfine Energy Levels of the Rubidium Dl and D2 Transitions.  Note that the 
hyperfine energy splittings are not necessarily symmetric about the base energy. 

with approximately 780 nm photons) using the same pumping source. For two 

reasons, our work will concentrate solely on the rubidium 85 isotope: the natural 

abundances of the rubidium isotopes are 72.1% 85Rb and 27.9% 87Rb, and most of the 

equipment we will use has an upper frequency limit of about 4 GHz. 

The use of one source to pump the doublet simultaneously will require the use 

of leading edge technology for laser linewidth control, frequency control, and novel 



radio frequency sideband generation techniques. A single diode laser will be aligned 

in an external diffraction grating cavity using the Littrow technique. The laser will 

then be tuned and locked to one of the absorption lines of 85Rb. The laser beam will 

then be directed into an electro-optic modulator which will be driven at the frequency 

of the doublet's energy separation. The electro-optic modulator will thus generate FM 

sidebands, one of which will lie at the absorption line of the other component of the 

doublet. When the laser is passed through a cell containing rubidium gas, the gas will 

absorb energy from both the optical carrier and the sideband. Coherence will be 

achieved when the phases of the carrier and sideband match once every period of the 

beat frequency of the two absorption frequencies. 

As can be readily seen, each of the fundamental steps required to be mastered 

before even attempting to achieve a coherent superposition of states is in itself a 

formidable task. In the following chapters, we will more closely examine the 

underlying theory of coherent excitation, the methods used in this particular research, 

and several directions for further work in this field. 



CHAPTER TWO: THEORY 
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Coherent excitation is not a 

new   idea.       For   many   years, 

theoretical     physicists     have 

developed models of systems for 

which they expected to observe 

coherent effects.    The two most 
Figure 2:  Energy Level Diagrams of Two Types of 

widely used models both involve     Systems for °bse™ng Coherent Effects. 

three atomic energy levels and have quite descriptive names. The first model is called 

the V system, so named because it normally involves an excited state doublet and a 

far-removed ground state. The second coherence model involves a ground state 

doublet and is therefore called the A model. Figure 2 schematically depicts the 

energy diagrams for both of these schemes. In this figure, the levels labelled A and 

A' are the doublet and B is the far-removed state. The wavelengths X, and ^ couple 

the doublet with the excited (or ground) state. The dotted energy level represents a 

possible location for a coherent superposition of the doublet states; X^ is the 

wavelength which will induce the transitions from the superposition state to the far- 

removed state. 



Following an argument by Scully2, For a A type system with a laser tuned to 

Xj, the probability of absorption is only proportional to the density of atoms in states 

A and A' and the intensity of the stimulating electromagnetic radiation, or 

pa»«p  -   £2(PAA + PA'A' + PA'A + 9AA')   . (1) 

assuming the couplings between each element of the doublet and the excited state are 

equal. The probability of stimulated emission is proportional only to the density of 

atoms in the excited state B and the electromagnetic intensity, or 

p«i**w   -   E29BB  ■ (2) 

Thus, the gain (or attenuation) in the stimulating electromagnetic field is proportional 

to the probability of absorption minus the probability of emission 

E    «    Ei?BB-9AA-<>A'Ai-9A>A-f>AA)     ■ (3) 

If we are able to tune the wavelength of the stimulating laser in such a manner that 

the matrix elements coupling the doublet exactly cancel the doublet elements 

themselves, the gain will be proportional only to the density of atoms in the excited 

state. A normal gain equation depends on a population inversion, that is, the excited 

state must have more atoms available to emit than the ground state has atoms to 

absorb. In the coherent scheme, the gain depends only on the total number of atoms 

in the excited state, so lasing can begin at much lower excited state densities. This 

is known as lasing without inversion. 



Another application of this coherence generation is the cancellation of 

absorption. This phenomenon is simply the above argument, neglecting the stimulated 

emission portion. If the coupling matrix elements exactly cancel the pure state 

elements in equation (1), the probability of absorption will be zero. This means that 

a weak probe beam of wavelength X, or ^ that transits an area where the coherences 

are generated by a strong pump laser will not be absorbed. The importance of this 

effect becomes apparent when one notes that the index of refraction is normally quite 

high in the area of a resonance.3 An electromagnetic field that can propagate 

unabsorbed in an area of high index of refraction would be a booia to microscope 

designers.4 Since the resolving power of a microscope is proportional to the index of 

refraction of the fluid in which the sample lies, the higher the index, the better the 

microscope. Traditional microscopes attempt to use a higher index by immersing the 

subject and the lens in a transparent oil, however the resolution enhancement of this 

technique is minuscule when compared to the enhancement possible when the 

microscope operates in a region of electromagnetically induced transparency. 

Although this has been a very basic discussion of the relevance of coherent 

stimulation, hopefully it will be enough to motivate the reader to continue on with this 

tome. In the next chapter we will discuss the particular method with which we chose 

to generate the coherences. 



CHAPTER THREE: APPARATUS 

Now that the basics of some of the theories behind coherent excitation and 

some of its ramifications have been explained, it is time to move from the abstract to 

the concrete. Probably the most difficult part of the entire project was the design, 

construction, and testing of several pieces of precision equipment. 

In order to generate the coherent couplings required in the experiment, it is 

necessary to pump two discrete energy states in such a manner as to allow at least a 

part-time phase matching of the pumping sources. There were several ways to 

achieve this goal. First, two distinct lasers tuned to the individual absorption lines 

could be phase-locked to provide a partially coherent source. Second, an RF signal 

could be coupled to the injection current of a single diode laser, causing sidebands to 

appear on the laser beam at the proper frequency difference to pump both states in the 

ground state doublet. Third, a single diode laser beam could be directed through an 

electro-optically active crystal causing similar sidebands to appear. 

The first scheme had in its favor the simplicity of only having to tune two 

diodes to relatively independent frequencies, and then use the relatively well- 

understood technique of injection locking to keep their phases from wandering too far 

apart. The biggest disadvantage came as a result of the existence of two independent 



beams. Trying to align such a setup so that the beams interacted with the same 

spatial region in the test area while they did not interfere with each other in the 

detection area is difficult. Since we were anticipating using the apparatus for long 

time periods where any interruption would be disastrous to a larger experiment, the 

inherent instability of copropagating or counterpropagating beam designs was deemed 

to be an overwhelming negative. 

The second scheme, dithering the diode injection current at RF frequencies, 

was also rejected. First, the ability of currently available diode lasers to predictably 

respond to a high frequency dithering on the order of the semiconductor carrier 

lifetimes had not been completely explored. Whether the semiconductors could even 

respond that quickly with the required precision was a matter of discussion. 

Additionally, in order to achieve large amplitude, tuneable sidebands with such a 

scheme, we would have to design our grating-tuned laser to have an external cavity 

which was resonant at both the RF and the laser frequency. This increase in 

complexity was deemed to be very risky. 

After rejecting these two approaches, we finally decided to use the third 

scheme, the one that depended upon the electro-optic modulator (EOM) for the 

sideband generation. Although this method involved the building of an additional 

piece of completely different equipment than was required for either of the other two 

designs, it had the advantage of being a technique that was currently successfully 



being used by another group here at The University of Texas. Unfortunately, their 

EOM and all of the papers upon which it was based were using frequencies far lower 

than the ones we would need for the rubidium hyperfine splitting. 

THE GRATING-TUNED LASER 

After the basic plan of attack was determined, it remained to design and 

construct the requisite equipment. The first order of business was to construct a 

tuneable laser. As previously mentioned, this laser would be locked to one of the 

absorption lines of 85Rb. Diode lasers are relatively easily tuned without a great deal 

of attendant equipment. The lasing frequency is highly dependent upon not only the 

temperature of the diode (a relation of approximately 30 GHz per Kelvin) but upon 

the injection current being fed to the diode (a relation of approximately -3.6 GHz per 

milliamp in the linear region of the L-I plot)5. However, for long-term experiments 

where a stable frequency output is desired, it is difficult to change these parameters 

quickly enough to accurately lock the laser. 

A much more effective passive method of frequency-locking a diode laser has 

proven to be the use of selective feedback from the laser output to self-lock the laser. 

This method not only locks the laser, but has the additional benefit of significantly 

narrowing the laser linewidth6.   One widely used method of obtaining this selective 



feedback is based on using a moveabie diffraction grating to form an extended cavity 

which selects the frequency of feedback. 

Tuning Grating 
(Moveabie) 

Laser 

Collimating  ► 
Lens 

Tuning Mirror 
(Moveabie) 

First Order Diffracted 
Beam 

Grating   ^ 
(Fixed) 

Output Beam 
(Specular Reflection) 

Littrow Design Littman Design 
Figure 3:   The Littrow and Littman Grating-Tuned Laser Designs. 

There are currently two popular methods which achieve this feedback 

stabilization: the Littrow method and the Littman design. Note that both methods 

require that the front facet of the diode laser carry a high quality anti-reflection 

coating. In the Littrow method7, the grating angle is chosen so that the angle of 

incidence is exactly equal to the angle of diffraction for the first order peak from the 

grating (see Figure 3). Thus, photons from the first order peak return to the laser 

diode where they stimulate additional photons of the same frequency. This 

preferential gain quickly results in a noticeable linewidth narrowing of the output 

10 



beam. In addition to ensuring the angle of diffraction feeds the desired frequency 

back into the laser, the distance from the laser rear facet and the grating must also be 

properly designed so that the laser external cavity resonates at the exact frequency 

selected by the grating dispersion. The trick to designing an effective Littrow system 

is to ensure that when the grating is rotated to feed a different frequency back into the 

laser, the external cavity length is changed by a commensurate amount. Failure to do 

so will result in a mode-hop and a fairly short continuous tuning range. 

The Littman method is a more complex setup8, but offsets its complexity by 

allowing a much greater frequency selectivity than the Littrow design. In this design, 

a moveable mirror provides the tuning mechanism. The first order peak from the 

grating is directed to the mirror, where it is reflected back to the grating, diffracted 

again, and then fed back into the laser. The typically longer external cavity lengths 

and the fact that the feedback beam is diffracted twice provide the greater tuning 

frequency resolution. It has also been shown that for the Littman design there exists 

an optimum relation between the location of the grating plane, the mirror plane, the 

front facet of the laser, and the axis of rotation which will exactly match the grating 

rotation to the cavity length change, resulting in extremely large continuous tuning 

ranges.9 

When this project was first envisioned, we were much more familiar with the 

Littrow design, as another group here at The University of Texas was successfully 

11 



employing the system, so that method was chosen as the design of preference. In 

hindsight, the advantages of the Littman design probably would make it a better suited 

for our needs. 

Figure 4:   Photograph of the Grating-Tuned Laser.   See text for details. 

Photographs of the grating-tuned laser we used are shown in Figure 4. The 

small aluminum box at the left of the photo contains the laser diode. The adjustment 

screw beside that box adjusts the focus of the collimating lens, which'is mounted in 

the aluminum holder to the right of the laser diode. The grating is held in place by 

the white nylon screw at the center of the picture. The two silver-colored objects to 

the right and above the grating are cylindrical piezo-electric crystals with which the 

12 



laser feedback is timed. To the right of the cylinders are three adjustment screws for 

fine-tuning the grating tilt. 

This laser is a modification of a design first used by M. Matthews while 

working for the D. Heinzen group at The University of Texas at Austin. This design 

allows the option of choosing either a four- or an eight-centimeter cavity. We chose 

the shorter cavity to increase the cavity mode spacing and to decrease the possibility 

of mode hops during tuning. The grating we used was a very high quality Thermal 

Jarrell Ash reflection grating with 1180 lines per millimeter. After initial testing with 

several inexpensive, low-power laser diodes, we chose die Hitachi HL7851G laser 

diode for use in the coherent excitation scheme. This laser has a nominal CW output 

power of 50 mW and a nominal room temperature wavelength of 785 nm. A Marlow 

Industries DTI 089 thermoelectric cooler provides temperature stabilization of the laser 

diode assembly and the cavity base. The two piezo-electric cylinders provide gross- 

and fine-tuning of the cavity length. Control of the piezos is provided by a home- 

built high-voltage amplifier based on a National Institute of Standards and Technology 

circuit design. 

The most important part of successfully getting a grating-tuned laser to 

frequency-lock is proper beam collimation, thus alignment was our first concern. To 

this end, the grating support structure and the laser housing were removed so an 

undeflected beam was available for testing.    The beam was focused on a wall 

13 



approximately ten meters from the laser and the collimating Sens was carefully 

adjusted to ensure that the beam passed through and normal to the center of the lens 

to minimize aberrations. This was accomplished by manually moving the collimating 

lens so that the beam was parallel to the floor and so that it did not diverge 

horizontally from the longitudinal axis of the diode. The beam was then focused so 

that the beam size remained approximately constant across the room. Results of 

initial testing and evaluation of the grating-tuned laser are presented in the next 

chapter. 

THE ELECTRO-OPTIC MODULATOR 

As the grating-tuned laser was designed to be able to keep the laser tuned to 

the frequency of one of the rubidium absorption lines, the electro-optic modulator 

needed to generate sidebands separated from the carrier frequency by the exact split 

between the two 85Rb lines. Several researchers10,1112 have reported methods for 

optical sideband generation in the RF modulation range, but no working models have 

been demonstrated at frequencies as high as are required for the rubidium frequency 

split. 

Following Gallagher's approach10, we decided to employ a lumped LRC circuit 

14 



Figure 5:   Schematic of the Electro-Optic Modulator. 

design using the electro-optically active crystal lithium tantalate (LiTa03). This 

design relies on a conducting tube that is split longitudinally to house the electro-optic 

crystal, as shown in Figure 5. A loop antenna is then brought in proximity to the 

conducting tube and RF energy is coupled into the LRC circuit through this antenna. 

As the input RF energy is tuned to the natural resonance of the tube/crystal circuit, 

large voltage oscillations are generated across the crystal. These voltage oscillations 

cause the index of refraction within the crystal to vary. The change in index causes 

a local change in the velocity of light.   Thus, when a laser is directed through the 

15 



crystal, this periodic index variation causes phase modulation sidebands (which are 

equivalent to frequency modulation sidebands13) to appear on the laser beam at 

multiples of the driving RF frequency.'4 

In general, the amplitude of FM sidebands depends upon Bessel functions with 

an argument known as the modulation index.15 The FM spectrum generated by such 

an arrangement is given by16 

E(t)=E0sn(<ji0t+ ßsino),,/) 
" (4) 

where co0 is the optical frequency, am is the RF modulation frequency, ß is the 

modulation index, and Jn is the nth order Bessel function. For our application, we 

would like as much of the energy as possible to be directed into the first-order 

sideband so that the sideband and the carrier intensities have similar orders of 

magnitude. Figure 6 shows plots of relative intensities of the sidebands as a function 

of the modulation index. This series of calculations indicates that the optimal 

modulation index would be on the order of 1.5. 

The modulation index of an electro-optic crystal is given by the relation17 

P^nLnfryEjfic . <5> 

In this equation, L is the crystal length, n; is the index of refraction for light polarized 

in the ith direction, r^ is the linear electro-optic coefficient tensor element, Ej is the 
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17 



modulating electric field applied along the jth crystal axis and 7^ is the wavelength 

of the optical field. 

Examining this equation, it is obvious that to reach a high modulation index, 

one must maximize n„ r;j, L and Er Our choice of LiTa03 has done a good job of 

maximizing the first two parameters. For this substance, n3 at an optical field 

wavelength of 600 nm is about 2.188 and r33 is about 30.3 x 10'12 m/V at 633 nm and 

a modulation frequency of 75 MHz.18 Note that neither of these values were taken 

at the wavelengths or the modulation frequencies required in our experiment; we 

failed to discover values of these parameters at other wavelengths and many crystal 

manufacturers19,20,21 seem to use these very figures during the development of products 

designed for a wide variety of frequencies. 

The crystal length is not an entirely free parameter. In LiTa03) the phase 

velocity of the RF wave is about three times slower than that of the optical wave. 

Thus, if the crystal length approaches the RF wavelength, phase velocity matching 

considerations will become a significant design problem.22 At 3 GHz, the wavelength 

is on the order of 100 mm, so to avoid phase matching complications we decided to 

limit the length of our crystal to 30 mm. 

The only remaining free parameter we have is the amplitude of the electric 

field applied across the crystal. Our use of a resonant LRC circuit will maximize the 

field amplitude while keeping the device's power consumption down to reasonable 
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levels; a resonant circuit of reasonably high quality will produce a sharp spike in the 

electric field amplitude when the modulating frequency is tuned to the natural 

resonance of the circuit. 

To calculate the resonant frequency of a lumped LRC circuit of the kind used 

in this experiment, we must first make several simplifying assumptions23 (refer to 

Figure 5 for the relevant dimensions). First, we assume that the lumped LRC circuit 

is a valid approximation. This is justified since the relatively high dielectric constant 

of LiTa03 causes the electric field within the crystal to behave as if the crystal were 

an ideal capacitor. Secondly, we will model the EOM as a long (L»r), simple 

cylinder. This implies that the gap filled by the crystal must be small compared to 

the circumference, or d<3C27tr. Finally, the crystal's dielectric constant tensor is not 

well known at non-zero modulation frequencies (values other than dc). The 

manufacturers cited above use the dc value24 of s3, 0.38 x 10'9 f/m (implying that 

e/e0«43), for designing these devices. Taking into account these assumptions, the 

resonant frequency of such a lumped LRC circuit is found from25 

'""^iiUJUwJ 
e o 

\V2 
(«) 

Several factors influenced our choices of the remaining two crystal dimensions. 

In order to make the construction of the tube reasonably easy, we decided to limit the 

tube diameter to no less than 5 mm.   This choice forced the ratio of w-to-d, the 
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crystal's width and the depth, to be 0.293 in order to get a resonant frequency of 3.035 

GHz. In order to satisfy the ideal cylindrical LRC circuit assumption mentioned 

above, we needed to keep d as small as possible, however we still needed to have w 

large enough to make laser beam alignment reasonably simple and also large enough 

that the 30 mm long crystal would be structurally sound. We decided that we can 

focus our beam onto an area slightly less than a millimeter on a side, so the final 

crystal dimensions chosen were (x, y, z) = (0.88, 30, 3) mm, where x, y, and z 

correspond to the tensor indices 1, 2, and 3. 

The conducting tube was constructed from a sheet of 5 mil Olin ETP annealed 

copper alloy #110, which is 99.9% pure copper. Care was taken to ensure that during 

construction the copper was not scratched and that contaminants which could lead to 

corrosion were completely removed. These precautions help to maximize the Q of the 

cavity. The copper sheet was cut to the proper dimensions and was carefully bent to 

the desired shape. First, the long, straight tabs that were to abut the crystal were bent 

up along the edges of the sheet. Next, the sheet was wrapped around a drill bit of the 

appropriate size to form the cylindrical tube. The simplicity of this construction 

scheme is one of the reasons that values of the material constants for LiTa03 far from 

the target RF and optical frequency values can be accepted; the tube simply cannot 

be made precisely enough for the (presumably) small errors in those values to have 

a major effect.   Other researchers26 have gone to much greater effort preparing the 
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surface between the crystal and the tabs, and their efforts have been rewarded by 

slightly higher modulation index values than this technique provided. However, for 

the purposes of this experiment, this much simpler, much less time consuming method 

produced quite acceptable results. 

Figure 7:   Photograph of the Plastic Crystal Mount.   The assembled vise is shown at the left, while 
the vice parts, the copper tube, and the lithium tantalate crystal are at the right. 

The completed tube was then carefully placed over the electro-optic crystal and 

the tube was gently pinched, holding the crystal between the tabs so that the crystal 

and the tube longitudinal axes remained parallel. Then the tube and crystal were 

mounted between two pieces of low-dielectric loss plastic which maintained the 
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compression between the tabs and the crystal through the use of nylon screws. A 

photograph of our plastic crystal mount is shown in Figure 7. A piece of rigid coaxial 

cable was passed through a hole in the crystal mount. A short loop of wire was 

soldered to this cable to form the antenna. The loop was formed by first bending two 

right angles in the wire which would fit around the crystal and the tabs on the tube 

(again, see Figure 5). Then the wire was wrapped around a drill bit that was larger 

than the one used to form the copper tube, and the loose ends were bent so that they 

would mate with the rigid coaxial cable. The entire crystal mount assembly was then 

housed inside of a grounded, aluminum shielding box which had pre-drilled holes to 

allow the laser beam to pass through the box. 

With the modulator crystal and the laser source completed all that remains is 

to characterize the RF source. The modulating RF frequency is provided by an 

Avantek VTO 8240, a varactor-tuned oscillator capable of producing frequencies from 

approximately 2.4 to 3.7 GHz. The VTO is a small chip which is mounted in a 

project box to better control its thermal environment, since the output frequency 

depends on the chip temperature. The VTO output signal was fed into an impedance- 

matched power divider, where it was directed to a microwave frequency counter 

which monitored the frequency, and to a Mini-Circuits ZHL-42 High Power Amplifier. 

The power divider stepped the VTO's output of 10 dBm down to about 4 dBm, a level 

which the amplifier could handle. The amplifier increased the signal to about 25 dBm 

22 



(about 300 mW), which was then fed into the EOM antenna. It is critical at these 

frequencies that the cable lengths between devices is kept to a minimum. As an 

example, at 3 GHz, the attenuation of the RG-178 cable we used is about 85 dB per 

100 feet.27 

This concludes the physical descriptions of the important apparatus used in this 

experiment. In the next chapter we will chronicle the testing and evaluation of this 

equipment and then begin to describe the actual experiments that demonstrate some 

of the first sucessful steps toward the ultimate goal of coherent excitation. 
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CHAPTER FOUR: EXPERIMENTAL PROCEDURE 

The experimental portion of this project consisted of two relatively independent 

sections. After the relatively complicated pieces of equipment described in the 

previous chapter had been constructed and assembled, the next step was to 

characterize their operation. The first section of this chapter deals with that subject. 

Once we could predict what the outcome of changing critical parameters on this 

equipment would be, it became possible to apply the devices to more fundamental 

physical problems. 

EQUIPMENT EVALUATION 

Before any work could be done with the electro-optic modulator, the grating 

tuned laser had to be made operational. After all the components had been assembled, 

testing of a particular diode laser began by characterizing its free-running qualities. 

A high-quality mirror was substituted for the grating and, as in the collimation 

procedure, the laser was focused on the far wall. The beam shape was observed to 

be roughly elliptical with an aspect ratio of approximately six to one. The quality of 
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the elliptical pattern was the cause 

for some worry, however, since 

the intensity distribution was not 

as smooth as other diode lasers. 

Next, the beam was directed at a 

power meter and data were taken 

to    determine    the    power    vs. 
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Figure 8:   Laser Output Power vs. Injection Current. 
Data for the Hitachi HL7851G laser diode. 

injection current response of the 

diode. A scanning Fabry-Perot cavity spectrum analyzer showed that the free-running 

laser linewidth was on the order of 30-40 MHz. When the grating was substituted for 

the mirror and similar data were taken, the power dropped by about one-third. Plots 

of the power/current data for both the free-running and grating modes are presented 

in Figure 8. For both cases, the threshold was determined to be about 46 mA. It is 

important to note that for these measurements, the laser was not operating in a 

grating-locked mode, and that the power output increases and the threshold decreases 

significantly under a feedback locking condition. 

Next, the grating tilt was carefully adjusted until the first order diffraction 

maximum was directed back into the lens. By using an infrared viewer focused on 

the grating, it became obvious when the laser began to operate in the feedback mode. 

With small  adjustments of the grating tilt screws,  a discrete, very noticeable 
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brightening of the cavity indicated that the grating was indeed providing feedback to 

the laser. The grating-tuned linewidth was not precicely determined, but it did reduce 

to below 25 MHz, the resolution limit of our spectrum analyzer. 

To evaluate the stability of the lock, the output beam was redirected into the 

spectrum analyzer. It was determined that the temperature and current response of the 

laser frequency was unchanged, i.e. the laser frequency could be easily and 

continuously tuned by adjusting either of these parameters, definitely not a desired 

result for a well-designed grating-tuned laser. However, by adjusting the voltage on 

piezo-electric cylinders which vary the external cavity length and the angle of the 

grating, it was possible to tune the laser frequency over 15 GHz before a mode hop 

occurred. As the relevant absorption spectrum of 85Rb is only about 3 GHz wide, this 

tuning range was more than adequate. For our piezos, we found a tuning relationship 

between piezo voltage and laser frequency of 30 MHz per volt. Thus, we were able 

to tune the laser to near the center of the rubidium absorption spectrum using small 

current and temperature adjustments, and then scan the laser across all four absorption 

lines by slowly ramping the voltage on the piezo-electric cylinders. The bottom line 

is that we have an operable grating-tuned laser with a poor or non-existent lock. 

The EOM was evaluated in several stages. First, the spectrum of the RF 

oscillator was examined. The fundamental frequency from the oscillator was a large, 

approximately Lorentzian peak with a width of only about 50 kHz. Several sidebands 
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were present, as well as numerous harmonics and subharmonics. The strongest of 

these secondary frequencies was the first harmonic, but its intensity was over 13 dB 

down from the primary signal. The sidebands were all over 60 dB lower than the 

carrier. Thus, the only significant frequency coming out of the oscillator was the 

carrier. 

The oscillator frequency exhibited a reasonably strong temperature dependence 

of -0.4 MHz per Kelvin. However, the temperature of the VTO quickly reached an 

equilibrium value of 1.5 Kelvin above ambient temperature after only a 10 minute 

warm-up, and the frequency only drifted away from the equilibrium value by 

±10 kHz over an eight hour period. During operation, the VTO output frequency is 

primarily tuned by adjusting a tuning voltage between 1 and 45 volts. A plot of this 

tuning relationship is shown in Figure 9. 

The oscillator was then connected to the EOM antenna by way of the 

amplifier. Between the antenna and the amplifier we placed an isolator/circulator 

combination which served two purposes. Since the impedance of the antenna could 

not be properly matched to the rest of the circuit, the isolator prevented damaging 

voltage oscillations from returning to the amplifier. The circulator allowed us to 

monitor the reflected power from the antenna as a resonance diagnostic. The 

isolator/circulator provided over -37 dB protection to the amplifier at 3.0 GHz.28 

Using the diagnostic port on the circulator, we again examined the oscillator 
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Figure 9:   RF Oscillator Frequency vs. Tuning Voltage.  The graph shows the approximately linear 
region used in the experiment, while the inset shows the oscillator's useable range. 

frequency spectrum, this time looking at the spectrum of the reflected power while the 

EOM was not on resonance.     We found similar results to those  above, the 

fundamental frequency was the dominant output, but the amplifier had filtered out 

most of the higher order overtones so that now the intensity of the next noticable 

frequency was over 34 dB down from the fundamental. 

Next the grating-tuned laser and the EOM were combined.  As seen in Figure 

10, there were several components besides just the two primary pieces of equipment 

28 



Figure 10: Photograph of The Experimental Setup. For scale, the holes on the optics table are one 
inch apart.   See text for further description. 

already described that were required to generate sidebands on the laser beam. At the 

far right is the grating-tuned laser (A), the output beam passes through an optical 

isolator (B) to prevent additional external cavities from resonating, and then through 

a half-wave plate (C). The A/2 plate rotated the polarization direction so that it was 

properly aligned on the crystal to provide the maximum modulation index. Next, the 

beam passes through a lens (D) which focuses the laser beam on the EOM crystal 

inside the grounded shielding box (E); a second lens (F) then recollimates the beam 

before it passes through a variable beam splitter (G) on its way to the spectrum 
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analyzer (H). The fraction of the light which is not passed by the variable beam 

splitter reflects off a mirror (I) prior to passing through a glass cell filled with atomic 

rubidium vapor (J) and a neutral density filter (K) on its way to a photodiode (L). 

The RF amplifier (M) and the isolator/circulator (N) are also shown. 

Once the equipment was arranged it was a relatively simple matter to begin 

looking for sidebands. The laser was turned on and the beam splitter was adjusted 

so that most of the light went into the spectrum analyzer. For two reasons we initially 

decided to look for decreases in the carrier intensity instead of looking directly for the 

sidebands. For the small preliminary modulation indices that we expected to achieve, 

the sidebands themselves might be so small that they would be lost in tfae noise level 

of the analyzer. Also, the loss in the carrier intensity would be twice as pronounced 

as the change in the height of a single sideband, so we got a built-in factor of two 

increase in our ability to detect a resonance. We then slowly tuned the RF oscillator 

across its frequency range and monitored both the optical spectrum analyzer display 

and the spectrum of the reflected power from the EOM antenna. 

After several unsuccessful tries, we finally found a combination of antenna 

shape, antenna position, and tube size which produced small but noticeable sidebands 

at approximately 3.5 GHz. The sideband intensities were only about 5% of the 

carrier, but slight adjustments of the antenna position increased this value to about 

20%.    The optimum antenna position was easily determined by monitoring the 
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reflected power; when the critical coupling position was reached, the reflected power 

fell by approximately 15 dB compared to its over- and undercoupled values. 

A little more experimentation with this particular setup yielded several 

interesting observations. Contrary to previous reports29, we found that the placement 

of metal objects near the crystal box did not have a noticeable effect on the resonant 

frequency of the crystal, even when the top of the box was removed. Furthermore, 

we found that the amplitude of the sidebands increased by factors of three to five 

when the EOM was shielded on all sides, i.e. when the shielding box top was in 

place. We attribute this to the fact that the length of our shielding box is on the order 

of 7J2 (the box measures 5 x 9 x 11.5 cm), and thus the complete shielding box 

formed a low-Q resonant cavity, allowing more RF energy to be available to resonate 

in the LRC circuit. 

The initial diameter of our tube was based upon finding the radius that would 

give a resonant frequency at 3.035 GHz from equation 6. The approximations 

previously mentioned, along with the imprecise construction methods used to 

manufacture the tube caused this predicted frequency to be lower than the observed 

frequency. The frequency was close enough, however, to continue to use the equation 

as a good first approximation. During our tuning efforts, we also discovered that each 

of these tubes exhibited not one but two resonance frequencies. Since our resonant 

frequency prediction relied on the assumption of a perfect cylindrical form for our 
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tube, it is not unreasonable to 

expect other resonances for the 

non-cylindrical form actually used. 

Both the resonances produced 

comparable sideband amplitudes. 

It is possible to fine-tune the 

resonance of the LRC circuit by 

slightly deforming the copper tube. 

This   tuning   method   was   very 
Figure 11:  Tube Size vs. Resonant Frequency.  The 

effective  for small  (10-20  MHz)     data support the theoretical I/r relationship. 

shifts in the circuit's natural frequency; however, we found that deforming the cylinder 

enough to shift the natural frequency by over 50 MHz resulted in a greatly reduced 

cavity Q value, and hence greatly reduced sideband amplitudes. Thus, our gross 

tuning method consisted of constructing new tubes of differing diameters. In all, we 

made six tubes before we found the correct diameter. Data concerning these tubes 

and their resonant frequencies are presented in Figure 11, and the data seem to support 

the 1/r relationship from equation 6. 

Once we constructed a tube which had a natural frequency near the desired 

value, we adjusted the antenna position and the resonant frequency until the EOM 

produced large sidebands at exactly the 85Rb ground state frequency split. One optical 
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Figure 12:   Optical Spectrum Showing the Laser Carrier and Sidebands. 

spectrum from this resonator is shown in Figure 12. The full width at half maximum 

(FWHM) for each of the peaks is indicated on the figure. The intensity of the first- 

order sidebands are approximately 21% ofthat of the carrier, implying a modulation 

index of about 0.8. Small second-order sidebands can just be seen a little more than 

6 GHz. from each of the carriers. The width of the sidebands is dependent upon the 

carrier width in this presentation; it has no bearing on the width of the resonance 

itself, which is a function of the Q of the cavity.    By slowly tuning the voltage on 
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the oscillator, noting the amplitude of the sideband, and converting the voltages into 

frequencies, we determined that the resonance width of this LRC circuit was only 15 

MHz.  Since Q = co0 / T, where o0 is the oscillator frequency and T is the FWHM of 

the resonance, then the Q of this EOM is on the order of 200. 

The last characteristic of 

the EOM that we investigated was 

the warm-up time. We have 

already noted that the RF oscillator 

had a temperature dependence; it 

turns out that the EOM also has 
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such a dependence.   As the LRC 
Figure 13:  Time Dependence of EOM Resonant 

circuit   begins   to   resonate,   the   Frequency. 

inherent resistance in the copper tube causes the tube to heat up slightly. This heating 

causes the resonant frequency of the EOM to fall slightly.   Figure 13 shows the 

exponential decrease in the resonant frequency as a function of time.   For the data, 

all components in the EOM and the grating-tuned laser were allowed to warm up for 

about an hour.  During this time, the laser was on and directed through the LiTa03 

crystal.    At time t = 0, the oscillator was connected to the amplifier and was 

immediately tuned to resonance. During data collection, the EOM was retuned to the 

point where maximum sideband intensities were generated every minute.  As can be 
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seen, the resonant frequency stabilized to within 2 MHz of its asymptotic value after 

about a one hour warm-up. 

THE SIMULTANEOUS PUMPING EXPERIMENT 

Now that the equipment has been designed, tested, and characterized, we can 

refocus our attention on the atomic physics that got us started down this track in the 

first place. Our goal was to stimulate both states in the hyperfine doublet of 

rubidium-85. In order to show that our set-up was able to do this, we decided to look 

first at the rubidium absorption spectrum. As was seen in Figure 10, the laser was 

directed at a variable beam splitter which allowed part of the beam to go to a 

spectrum analyzer and shunted the rest of the beam through a rubidium cell. By 

placing a photodiode directly in the beam after the cell and monitoring the intensity 

of light as a function of frequency, it is relatively easy to identify the frequencies 

where the photodiode signal drops abruptly due to the absorption of the rubidium 

atoms. Each frequency corresponds to an area where the rubidium atoms in the cell 

are able to resonantly absorb the light. The photodiode signal drops in these areas 

because some of the excited rubidium atoms relax back to their ground states through 

fluorescence, that is, by spontaneously emitting photons in random directions. The 

vast majority of these photons do not reach the photodiode, so the photodiode signal 
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falls off. 

Above a certain radiation intensity, known as the saturation intensity, very little 

further absorption can occur, as almost all of the atoms within the beam are already 

being driven between the excited state and the ground state in what are known as Rabi 

cycles. Atoms undergoing Rabi oscillation above the saturation intensity do not 

detract from the photodiode signal because although photons are being absorbed by 

ground state atoms, the excited state atoms relax by way of stimulated emission, 

emitting a photon in the same direction as the photon that stimulated the relaxation; 

for almost every absorption there is now a corresponding emission. 

The     normal     rubidium Rubidium 85 
F = 2 F= 3 

spectrum is shown in Figure 14. 

All of the following traces were 

taken  at  laser  intensities below 

saturation (the beam diameter was 

about 5 mm and the output power 

was about 1 mW). For this trace, 

the frequency of the laser was 
Figure 14: The Rubidium D2 Absorption Spectrum. 

Swept by applying a ramp to the    Note that frequency decreases from left to right. 

laser injection current.   As the injection current increases not only does the lasing 

wavelength increase, but the laser intensity increases as well. The absorption dips are 
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not infinitely sharp spikes that correspond to single absorption frequencies, but have 

a finite width that depends on numerous broadening mechanisms. The resonances 

have different depths due to several factors. There are 2F+1 sublevels for each of the 

mf levels shown in Figure 14. Thus, for an equilibrium sublevel population, the F=2 

sublevel contains 5/12 of the 85Rb atoms and the F=3 sublevel contains the remaining 

7/12 of the population. Since more atoms are available to absorb at the frequency 

corresponding to F=3, the resonance is more pronounced. The discrepancy between 

the depth of the 85Rb and 87Rb F=2 resonances is due to the 72:21 ratio of the natural 

isotope abundances. 

In the above discussion of absorption and saturation we were referring only to 

one transition at a time. When the laser is tuned to, say, the 85Rb F=2 transition, the 

atoms that were originally in the F=3 sublevel are not affected. If we can 

simultaneously stimulate the other level, the overall absorption (which would then be 

due to both the F=2 and F=3 transitions) should increase because there are now more 

atoms available to absorb photons. This was the hypothesis for our experimental 

setup. 

For the actual experiment, the laser frequency was not scanned. The grating 

position was slowly adjusted until a sharp decrease in the photodiode signal was 

noted. By sequentially tuning across all four lines it was possible to accurately 

identify the exact transition we were stimulating.  Initially we tuned the laser to the 
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Figure 15:   Simultaneous Absorption While Tuned to the 85Rb F=2 Transition.  The FWHM of the 
area of increased absorption is 20 GHz. 

85Rb F=2 transition. We then drove the oscillator tuning voltage with a sawtooth 

wave from a function generator at 25 Hz. The center frequency of the tuning voltage 

ramp was 8.75 V and the amplitude of the ramp was 2.26 V. Referring back to 

Figure 9, this converts into a frequency scan of 2.890 GHz to 3.175 GHz, centered 

at 3.040 GHz. 

Figure 15 shows the trace taken with this setup.  The sharp dips in the trace 

are centered at 3.029 GHz, the EOM resonant frequency, and are 3.57 mV deep and 
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20 MHz wide. The portion of the trace where the sidebands are not being generated 

is at a level of 59.24 mV, while the zero-absorption signal level (not shown) is 

126.2 mV. Thus, absorption of the carrier alone causes a 66.96 mV drop in the 

photodiode signal and the addition of the sidebands adds another 5.3% to that signal 

drop. 

The explanation of these results is relatively straightforward. As the oscillator 

frequency drives the EOM resonance, sidebands are written on the laser beam. 

Although the sidebands decrease the intensity of the carrier that is driving the F=2 

transition, the decrease in absorption is more than compensated by the absorption that 

occurs when the lower sideband begins to drive the F=3 transition. In this particular 

case, the upper sideband is also able to be absorbed by the 87Rb F=l transition. 

A similar trace (Figure 16) was obtained when the carrier was tuned to the 

85Rb F=3 transition. In this case, the upper sideband drives the F=2 transition but the 

lower sideband is not absorbed at all. On this trace, the carrier absorption signal level 

is 41.7 mV, the zero-absorption signal level (not shown) was 171.8 mV, and the sharp 

feature has a width of 20 MHz and a depth of 3.07 mV. Thus, the sidebands only 

increase the absorption by 2.4% in this case. 

When the carrier is tuned slightly above the 85Rb F=2 resonance, a different 

trace results. Figure 17 shows a point where the carrier is still within the F=2 

absorption region, but the sidebands no longer map onto the 85Rb F=3 nor the 87Rb 
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Figure 16:   Simultaneous Absorption While Tuned to the 85Rb F=3 Transition. 

F=l resonances. Here, when the EOM is brought on resonance, the total absorption 

decreases sharply due to fact that the sidebands cause the carrier intensity to decrease 

while the light in the sidebands is not absorbed by any rubidium resonance. In this 

figure, the carrier absorption signal level is 33.88 mV, the zero-absorption signal level 

(not shown) is 148.9 mV, and the peak is 15 MHz wide and 2.43 mV deep implying 

a 2.1% decrease in the total absorption. 

A different view of the simultaneous absorption phenomenon is presented in 

Figure 18.   For this trace, the injection current to the laser was ramped, causing the 
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Figure 17:   Absorption with the Carrier Slightly Off the 85Rb F=2 Resonance.   Here, the sidebands 
do not stimulate any transitions and are thus not absorbed. 

distinctive upward intensity slope of the base line in the graph. The resonances 

numbered 1 through 4 are the usual spectrum associated with the 87Rb F=l, 85Rb F=2, 

85Rb F=3, and 87Rb F=2 transitions, respectively. The lettered resonances are 

associated with the spectrum resulting from tuning the EOM to produce maximum 

sidebands and then ramping the carrier frequency. The explanation of this trace is 

simply a matter of mapping the carrier and sideband positions onto the no-sidebands 

spectrum, recalling that the carrier-sideband frequency difference was designed to 
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Figure 18:   The Rubidium Absorption Spectrum With and Without Sidebands.   See text for 
explanations of the various resonances.   Note that frequency  decreases from left to right. 

exactly match the frequency split between peaks 2 and 3. Peak "a" occurred when the 

lower sideband was absorbed by resonance 2. Peak "b" is simply the carrier aligning 

with 1, and its decreased magnitude with respect to the no-sidebands trace is due to 

the fact that the sidebands are not absorbed by a resonance. Peak "c" is the carrier 

mapping to resonance 2. Its magnitude is due to the fact that both sidebands and the 

carrier are being absorbed, with the lower sideband being preferentially absorbed due 

to the fact that the F=3 sublevel population of resonance 3 is greater than that of the 
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F=2 sublevel population of resonance 2. Resonance Kd" occurs when the lower 

sideband maps onto resonance 4. Peak "e" is again due to multiple absorptions. 

Here, the carrier is absorbed by resonance 3 and the upper sideband is absorbed by 

peak 2. However, the lower sideband passes through the cell unabsorbed. This lack 

of absorption combined with the sublevel population disparity mentioned above cause 

the with-sidebands peak to be diminished with respect to the without-sidebands peak. 

Resonance "f is due to the carrier's absorption by 4 with no simultaneous absorption 

by either of the sidebands. Resonances "g" and "h" occur when the upper sideband 

maps onto 3 and 4, respectively. The trace was not expanded enough to show the 

absorption dip that occurred when the lower sideband stimulated the *7Rb F=l 

transition.  That dip would be to the left of peak "a". 

These results clearly demonstrate that we have achieved an important first step 

toward coherent excitation. We can definitely stimulate both hyperfine levels of 

rubidium-85 with one laser source. We are also probably generating a coherent 

excitation that occurs with a periodicity related to the beat frequency of the Rabi 

frequencies of the two individual levels with this experimental setup, although our 

data by no means show that effect. A possible experiment that could demonstrate just 

such a coherence is described in the following chapter. 
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CHAPTER FIVE: FUTURE WORK 

Although we have come a long way from just directing a laser through a 

rubidium cell, much work remains to be done to follow up on these results. There are 

a number of interesting effects which remain to be explored. 

Experiments that would directly show coherent effects include tuning the laser 

and sidebands to cause simultaneous absorption, and then sweeping the laser power 

while monitoring the absorption of a weak probe laser tuned to the carrier frequency. 

Modulating the laser power would change the hyperfine levels' Rabi frequencies and 

would change the resulting beat frequency. When the Rabi frequencies were in phase, 

i.e. when coherent excitation was occurring, the absorption should drop sharply. This 

is because the rubidium atoms then exist in the coherent superposition of the hyperfine 

ground states with an energy somewhere between the ground states. This energy level 

would not be stimulated by the probe, so the light would pass through the cell 

unabsorbed. 

Unfortunately, our current laser lacks a strong frequency lock, so we are 

currently unable to modulate the power while maintaining a set frequency. External 

cavity  lasers employing the Littman design  mentioned in  chapter three have 
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demonstrated a much stronger ability to frequency lock, and stable locks have been 

demonstrated on a high-power laser diode array from the laser threshold to 

approximately 1.5 Watts of output power.30 With such a laser, it could be possible 

to not only sweep the laser power while maintaining a set frequency, but much higher 

powers could also be reached where definitive coherent effects might be observed. 

This is only one of many possible paths down the road toward coherent 

excitation. The answers to a wide variety of basic physical problems as well as 

numerous, potentially very profitable applications lie only a short distance further 

down this path and are available to those with the energy to pursue them. 
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