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Abstract

:

The use of atom interferometers in inertial systems holds the promise of improvement of several orders of magnitude in sensitivity over sensors using current technology such as micro-electro-mechanical (MEMS) devices or ring laser gyroscopes (RLGs). This paper describes the construction and characterization of an atomic interferometry system for eventual use in a dual-atom-beam accelerometer/gyroscope sensor. In contrast with current state-of-the-art atomic sensors which use pulsed cold atom sources and pulsed laser beams, the investigated apparatus relies purely on continuous atomic and laser beams. These differences can result in a sensor with reduced complexity, a smaller physical footprint, and reduced power consumption. However, these differences also introduce challenges resulting from laser and atomic beam divergences and from velocity averaging due to both longitudinal and transverse velocity spreads. In this work, we characterize our rubidium-based atom beam system and show that Ramsey-style interference can still be observed. The implications for future research are also outlined and discussed.
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1. Introduction


Atom interferometers were first demonstrated in 1991 with four near-simultaneous publications and follow-up articles [1,2,3,4,5]. Of these four demonstrations, three were performed using fast thermal beams of atoms [1,2,3] and one was performed using a pulsed, cold atom source [4,5]. Since then, a large number of groups have demonstrated atom interferometers of various types and several review articles have been written about atom interferometers, e.g., [6,7,8,9,10,11,12,13,14]. A large number of interferometers use a configuration whereby cold atoms are captured in a three-dimensional (3D) magneto-optical trap (MOT), launched in a controlled manner, and subjected to calibrated pulses of light; others use fast continuous beams of atoms subjected to light pulses [15,16,17]. There are, however, only a few reports of atom interferometers using continuous beams of atoms, moving at less-than-room-temperature thermal speeds, interacting with continuous beams of light for the atom optics [18,19].



It is well known that light pulse atom interferometer sensors are sensitive to both acceleration and rotation of the sensor platform [16,20]. The phase shift caused by acceleration   Δ  ϕ  a c c     and by rotation   Δ  ϕ  r o t     are given by


     Δ  ϕ  a c c      =    k a  T 2      



(1a)






     Δ  ϕ  r o t      =      2 m  ℏ  Ω · A ,     



(1b)




where k is the laser effective k-vector, a is the acceleration, T is the time between laser pulses (for pulsed systems; for continuous systems, this is the time it takes the atom to travel from one laser beam to the next), m is the mass of the atom, ℏ is the reduced Planck’s constant,  Ω  is the rotation vector and  A  is the area vector. In the absence of extraneous other phase shifts, the total phase shift in the interferometer then depends on the sum of the two phase shifts. Thus, for a single beam atom interferometer on a platform that is undergoing both linear acceleration and rotation at the same time, it is impossible to distinguish the contributions to the total phase with a single measurement. However, the contribution that arises from rotation changes sign when the direction of the atoms is reversed, but the contribution from the acceleration phase shift does not. Thus, a dual-beam atom interferometer with two atom sources opposing each other and a common interferometry region can unambiguously measure both the contributions from the acceleration phase shift and the rotation phase shift. The sum of the outputs of the two interferometers will depend solely on acceleration, while the difference in the two outputs will depend purely on rotation. Pulsed versions of these types of sensors are explained in greater detail in [16,20].



The use of pulsed atomic and optical sources does have advantages over continuous sources. The atom sources are typically bright (in the order of 1 billion atoms per shot). The length of time the atoms are exposed to the optical fields is very precisely determined by the optical pulse length and is under the control of the experimentalist. The divergence of the atoms as they travel through the interferometer is determined by the temperature of the atoms and is again largely under the control of the experimentalist. On the other hand, due to the velocity spread of the atoms in continuous beam interferometers, the pulse time as seen by the atoms is not uniform, and the divergence of the atoms from a two-dimensional (2D) MOT can be large. Despite these drawbacks, continuous sources have several practical advantages especially from the perspective of fieldable devices. Using atoms that emerge from a relatively “simple” 2D-MOT avoids the complexity of building a 3D-MOT. Pulsed atom sources require precise timing to launch atoms, apply Raman pulses, and measure the results as the atoms pass a detection region, and the detection laser must be pulsed on at the correct time. Typically, pulsing light beams on and off is achieved by passing the light through an acousto-optic modulator and pulsing the driving radio frequency on and off. Ultimately, a system that depends on loading a 3D-MOT is more complicated, requires complex timing, and is a pulsed system which can lead to dead time issues in an eventual sensor. Therefore, it is of importance to explore atom sources for atom interferometry that employ continuous cold atom sources and continuous optical fields, with overall reduced complexity, and physical footprint as the primary design considerations. Additionally, minor power savings can be realized by using fewer modulators.



Continuous cold-beam sources for the purpose of atom interferometry have been explored before [18,19]. However, in studies such as the one reported on in [18] the so-called low-velocity intensity source (LVIS) method was used to generate a beam of continuous cold atoms [21]. A standard 3D magneto-optical trap (MOT) is made, but one of the mirrors that creates a retro-reflecting beam and the quarter-wave plate in front of it for the MOT has a hole in it. Thus, the retro-reflected beam has a dark spot in it and the atoms only feel a force from the incident beam and not from the retro-reflected beam. The atoms are therefore propelled towards the retro-reflecting mirror. The hole in the mirror also serves to create an exit aperture for the atoms. A major drawback of this approach is that there is resonant light from the cooling beam along the direction of the travel of the atoms, which needs to be switched off during the entire atom interferometry sequence to avoid the deleterious effects of spontaneous emission. Alternatively, a more complicated version of the LVIS technique with dark spots along two directions can be created such that the atoms emerge in between the two cooling beams and no resonant light travels in the direction of the atoms. However, in addition to being more complicated, this configuration is more sensitive to cooling laser beam intensity imbalance and has lower atom flux [21] than a continuous beam derived from a two-dimensional MOT [22].



Additionally, more similarly constructed continuous cold-beam apparatuses have also been studied [23,24]. These experiments used atom beams produced by 3D-cooled 2D+ MOT sources, rather than a 2D-cooled 2D-MOT source. Both configurations produce atom beams with similar flux, temperature, and longitudinal speed. While the former design introduces less divergence (see Section 2.2.3), it comes with more complexity than a 2D-cooled source.



In this paper, we describe such an apparatus and demonstrate both Raman and Ramsey spectroscopy, which represent the first steps towards a full inertial sensor. A full inertial sensor requires optical coherence among the Raman beam and a continuous atom beam/continuous Raman laser field atom interferometer must have sufficiently narrow velocity spread such that the interference pattern is not washed out due to velocity averaging. While we do not yet report on the working of a full inertial sensor, we report here an apparatus that utilizes a 2D-MOT as the atom source and we use the apparatus to study effects that need to be well understood before we can demonstrate a full inertial sensor. In Section 2, we provide details of the construction of the apparatus and characterization of the atom beam starting with characterization of the 2D-MOT in Section 2.1, and then describe the measurements of the longitudinal velocity and atomic beam divergence (transverse velocity spread). We describe design considerations and measurements associated with the detection beam in Section 4 and the Raman beams in Section 5. Finally, we present representative Raman and Ramsey spectra in Section 6.1 before concluding in Section 7.




2. Beam Construction and Characterization


The beam apparatus consists of a rubidium-based 2D-MOT [22,25,26] connected to a science chamber machined from a rectangular prism (see Figure 1). The chamber, a stainless steel cell, 21.5 cm long, 7 cm tall, and 7 cm wide, is held at ultrahigh vacuum pressures (typically, 1–2   ×    10  − 9     Torr) by an ion pump (not depicted in Figure 1) connected to the chamber approximately 26 cm away (as measured from center of atomic beam to center of the pump). The chamber also consists of eleven 2.75" ConFlatTM flange viewports, 3 to a side, except on the bottom. The 2D-MOT chamber is differentially pumped through a channel approximately   750  μ  m in diameter and 1 mm long.



2.1. 2D-MOT


The optics for the 2D-MOT chamber follow the standard design of counter-propagating circularly polarized light fields with the appropriate magnetic field generated by four permanent magnets. Light from the cooling and repump lasers are delivered to a cage assembly that houses 1 inch optics. As a result, the laser fields are circular and have a   1 /  e 2    diameter of roughly   0.75   inches. The diameter of the laser field matches the height of the 2D-MOT chamber (depicted in the left side of Figure 1) but is small with respect to its length. As a result, about one-third of the chamber is not exposed to the cooling beam. This choice was made on the basis of convenience in the optical design (i.e., no cylindrical lenses are required) and has the expected impact of a lower atom flux and slower atoms than an MOT with better optical overlap between the cell windows and the laser beam profile. Future designs will utilize better spatial overlap with the 2D-MOT chamber.



Cooling laser light is delivered to the cage assembly via single-mode polarization maintaining fiber. A combination of half-wave plate and polarizing beam splitter separates the light into a beam that eventually enters the chamber vertically and a second that enters the chamber horizontally. Light in the vertical direction is circularly polarized by a quarter-wave plate, sent into the chamber, and retro-reflected back into the chamber after passing through a second quarter-wave plate. The beam that enters the chamber horizontally is first combined with light that is delivered from the repump laser also via a single-mode polarization-maintaining fiber. The combined beams are then circularly polarized, sent into the chamber, and retro-reflected after passing through a second quarter-wave plate.



Located between the aperture of the 2D-MOT chamber and the science chamber is a clear glass-to-metal seal where the optical pump light enters the apparatus. While the glass allows us to insert a laser field for optical pumping (see Section 3), the surface flatness and uniformity were far too poor to allow for any kind of transverse cooling (i.e., using laser fields to better collimate the atoms emerging from the 2D-MOT). The cooling and repump beams were kept as close to the aperture as possible to allow the atoms to interact with the cooling beams for as long a time as possible before entering the science chamber.



The design of our atom source resulted in a beam of atoms with fairly high divergence traveling along the central axis of the science chamber (or interferometry section), as depicted in Figure 1. The specifics and consequences of this design have been discussed in detail in our previous work [27,28] and in the next section, we only briefly discuss the salient points.




2.2. Atomic Beam


2.2.1. Atom Signal Measurements


In order to characterize the atom flux as a function of cooling and repump laser power, a third laser, hereafter referred to as the “detection” laser, was directed into the science chamber. Of note, measuring the absolute atom flux was not necessary for our experiments; we used detection laser fluorescence as a proxy as it was simpler to measure and still allowed for meaningful characterization. As discussed in Section 2.2.3, the atom beam has a fairly large divergence. The divergence in both directions transverse to the direction of the atomic motion and the resulting uncertainty in the collection optics efficiency, coupled with optical pumping along the detection beam, make the absolute measurement of the atomic flux challenging and since absolute flux is not necessary for our experiments, we did not measure the absolute flux.



The relative atomic flux was measured as a function of the cooling and repump powers. Since the results mimic very closely the number of atoms captured in a 3D-MOT as the physics of the processes are every similar, we report these results in Appendix A. We checked the stability of the fluorescence signal by scanning the detection laser over the atomic resonance repeatedly once every 10 s for a 24-h period and plotting the Allan deviation of the measured atomic flux. Admittedly, this method is sensitive to factors not related to the atomic beam, such as detection laser intensity and electronic gain stability. Nevertheless, we found our system demonstrated approximately 15 min of stability before the signal started to drift, as measured by the Allan deviation. Further work will improve on the system stability.




2.2.2. Atom Beam Longitudinal Velocity


The atomic beam fluorescence measurements described in Section 2.2.1 were performed with a detection laser that was nominally orthogonal to the atom beam. It was oriented this way to avoid any Doppler shift or broadening of the spectrum of fluorescent light by velocity components of the atomic motion along the laser beam direction. However, we can intentionally orient the detection laser longitudinally and anti-parallel to the atomic motion to detect a Doppler-modified fluorescence spectrum and extract a velocity profile. The frequency of the peak is not exactly coincident with the   F = 3  -to-   F ′  = 4   transition but rather Doppler-shifted proportionally to the speed of the atoms. The peak is not only Doppler-shifted, but the spectral width is also slightly broadened because the beam is not monoenergetic and instead contains a continuum of velocity classes. Since the vacuum chamber was designed to have two atomic sources, one at each end of the science chamber, there were two pinholes (apertures) conveniently placed that we used as alignment holes. We aligned a scanning detection laser through these holes and collected the fluorescence induced by the laser. We compared the data to a saturated absorption trace taken simultaneously, which enabled us to properly define the “zero” frequency shift. We measured the frequency difference between the fluorescence peak and the   F = 3 →  F ′  = 4   transition in the saturated absorption spectrum. The two traces are shown in Figure 2 and the frequency shift is highlighted. If we assume the shift is dominated by atoms in   v  m p   , the most probable velocity group, then this shift corresponds to    v  m p   ∼ 4   m/s. Systematic effects in the frequency calibration dominated errors in this measurement, and accuracy was limited to a velocity range   Δ v   corresponding to a Doppler shift on the order of the natural linewidth of the transition  Γ ;   Δ v ∼ λ × Γ /  ( 2 π )  ∼ 5   m s   , where  λ  is the wavelength of the transition. Frequency-dependent optical pumping along the detection beam path (which overlapped the atomic beam path for this measurement) could likewise cause changes in lineshape and additional systematic errors. Given that our expected errors are comparable to our measured value, we also explored an alternative, time-of-flight-based technique to obtain a more accurate value.



We found that the optical pumping scheme (described in detail in Section 3) could be used as a “switch” for the atom beam. The optical pumping beam was derived from the cooling laser and double-passed through an acousto-optic modulator (AOM), without blocking the zero-order component as is usually done. The zeroth-order beam had no frequency shift relative to the cooling beam and the first-order beam had a frequency shift that was twice the frequency driving the AOM. Both beams were sent to the optical pumping port of the interferometer. When the signal to the AOM driver was off, the optical pumping beam was nearly resonant with the   F = 3 →  F ′  = 4   transition, which is quasi-closed. This transition can scatter thousands of photons before the atom is optically pumped into the dark state. Since momentum is conserved, the atom beam is deflected by the optical pumping beam and does not pass through the aperture. The radio frequency driving the AOM was chosen such that when signal was on, the twice-frequency shifted light was on resonance with the   F = 3 →  F ′  = 2   transition, which on average requires only a couple of photons to optically pump into the dark state. Importantly, this optical pumping still occurs even in the presence of non-negligible zeroth-order light that is still resonant with the   F = 3 →  F ′  = 4   transition. In that case, a beam of atoms optically pumped into the proper state (  F = 2  ) propagates down the vacuum chamber. This feature lends itself well to another velocity profile measurement of the atom beam (to compare with the measurements described in the preceding paragraph). By rapidly switching between the two configurations, we can create a pulsed beam of atoms and can use time-of-flight methods to measure the velocity of the atoms.



Our time-of-flight method started with a detection laser locked precisely on the   F = 3 →  F ′  = 4   transition. The AOM driving frequency was initially configured so that the optical pumping light was on-resonance with the   F = 3 →  F ′  = 4   transition and therefore, the atomic beam is deflected and the atoms were blocked by the aperture. We introduced a brief step function that produced a pulse of atoms making it through the aperture in the dark state which were subsequently repumped into the bright state for detection. Figure 3 depicts the result. The atomic beam was pulsed on at time   t = 0   ms for 5 ms. We see depicted a baseline of no signal increasing to a peak before falling away again. This signal represents a packet of atoms propagating down the vacuum chamber. The width of the peak is a consequence of the velocity spread of the atoms and the center of the peak gives the most probable velocity of the atoms. The known distance divided by the measured time resulted in an extracted velocity of    v  m p   = 6.4    m/s, consistent with our earlier measurement of ∼4 m/s, given the large errors associated with that measurement.




2.2.3. Atom Beam Divergence


The atom beam divergence measurement is discussed in detail in [27,28] so we briefly summarize the procedure here. In order to measure the atomic beam divergence, we imaged fluorescence from the vacuum windows at two points, measured the fluorescence profile, and extracted the divergence from those measurements. The detection beam was locked on-resonance and directed into the vacuum center from above at the first window (see Figure 1). The laser beam was circular and had a diameter of about 1 mm. The fluorescence from the atoms at the intersection of the atomic beam and laser beam was imaged onto a camera and recorded using an imaging system with a pre-calibrated magnification factor. This process was repeated with the detection laser beam moved to the second window, which was at a center-to-center distance of 7.4 cm. We numerically fit the intensity of the fluorescence images to a Gaussian function and extracted from each measurement a   1 /  e 2    value. We find an atom beam (half-angle) divergence of 56 mrad. This value is consistent with a preliminary measurement we made using the same approach but between two points within one window. Unfortunately, due to geometrical constraints, we could not apply any focusing techniques to the atoms as they exited the 2D-MOT chamber into the science chamber. The large divergence negatively impacted our results in two ways.



Firstly, as the atoms were traveling at an angle with respect to any laser beams entering the chamber, the length of time the atoms spent in the laser beam is not uniform for all atoms. The “pulse” of light experienced by the atoms was a function of the angle at which the atoms were emitted from the aperture and their velocity. Secondly, the length of time the atoms spent in the dark is similarly a function of emission angle and velocity.



In addition to the divergence of our atomic beam, our optical beams also had divergence. Both divergences ultimately led to a loss of contrast in measurements were primarily due to velocity averaging; we confirmed this in detail with modeling [27,28]. Minimizing atom beam divergence is less critical than minimizing the laser beam divergence, but is also less easily done.



One additional effect not considered in this experiment, but one that will be relevant for future experiments, is the divergence along the direction of the Raman beams, which were orthogonal to the detection and atomic beams. In the experiments reported in this paper, we used co-propagating Raman beams, which are Doppler-insensitive (meaning they are on two-photon resonance regardless of the velocity of the atoms). For experiments that involve counter-propagating Raman beams that are Doppler-sensitive, large divergence will mean that only certain classes of atoms with the right transverse velocity will be on-resonance.






3. Optical Pumping as a Switch


In Section 2.2.2, we discussed the fact that using the   F = 3   to    F ′  = 4   transition to optically pump atoms into the   F = 2   state caused the atoms in the atomic beam to be deflected. We performed a series of experiments to confirm the deflection of the atom beam and to confirm the effectiveness of   F = 3 →  F ′  = 2 → F = 2   as an optical pumping pathway.



A typical experiment to measure the number of atoms in the detection region uses a laser (the “detection laser”), which scans over the   F = 3 →  F ′    transition. As the detection laser is strong (in the Rabi sense), optical pumping usually occurs quickly and only the   F = 3 →  F ′  = 4   transition is detected. As a result, the fluorescence from the atoms has a single Lorentzian profile. Introduction of the optical pump beam which is designed to pump all the atoms into the   F = 2   state can lead to a drop in the signal, ideally to zero if the drop is due to true and complete optical pumping. Unfortunately, a drop in signal can also be caused by a complete loss of atoms (from atom beam deflection, for example) rather than complete optical pumping.



To unambiguously differentiate between good optical pumping and no atom beam, we performed the following experiment, the results of which are depicted in Figure 4. We locked the detection laser on the   F = 3 →  F ′  = 4   transition frequency and monitored the fluorescence from the detection region as we scanned the frequency of a single laser beam from an additional auxiliary laser that intersected the atomic beam upstream from the detection region. For convenience, we used the red-shifted beam from our Raman laser setup as this auxiliary laser.



Excited atoms can decay into different ground states as a result of selection rules; the ratio of these paths is the branching ratio. It is calculated by summing dipole matrix elements for the transitions between the various magnetic sublevels [29,30]. For the purposes of this discussion, the units of these numbers may be considered arbitrary, and their utility comes from summing all of the elements for a given hyperfine transition (i.e.,   F ′   to F). We looked at decay from    F ′  = 2   and    F ′  = 3   into   F = 2   and   F = 3  .



From Figure 4, first consider the fluorescence trace with no optical pump (“No Optical Pump”, solid purple trace) relative to the absorption trace. Since there was no pumping, the atoms were in some combination of the   F = 2   and   F = 3   states as they entered the science chamber (numerical modeling indicates they are mostly in the   F = 3   state). As the atoms traveled down the chamber, they were first illuminated by the auxiliary laser as it scanned through the   F = 3 →  F ′    manifold, which optically pumped the atoms into the   F = 2   state, and then illuminated by the locked detection laser. Since the atoms were optically pumped by the auxiliary laser, they were not excited by the detection laser, resulting in the dip in the left side of the “No Optical Pump” trace. Atoms that were illuminated by the auxiliary laser as it scanned through the   F = 2 →  F ′    manifold were optically pumped into   F = 3   state and were excited by the detection laser, resulting in the peak on the right side of the “No Optical Pump” trace. (Note that the positions of these resonances are shifted by   1.5   GHz relative to the   F = 3 →  F ′    manifold in the absorption trace for the reason described above.)



Next, we consider the traces with optical pumping on, starting with the yellow “  3 → 4  ” trace. We expected this light to displace the atom beam such that it is mostly deflected and therefore no atoms reach the detection laser, and that is exactly what we saw. Finally, with the   F = 3 →  F ′  = 2   pump on, all of the atoms were in   F = 2   as they entered the vacuum chamber. Atoms that were illuminated by the Raman laser as it scanned through   F = 2 →  F ′  = 3   resonance were put back into   F = 3   state and were excited by the detection laser, as seen by the peak on the right side of the “  F = 3 → 2  ” trace. Atoms illuminated by any other frequency of light did not make it into the   F = 3   state. With this method, effective optical pumping will result in a baseline at the intensity of the “No Optical Pump” dip and a peak height at the intensity of the “No Optical Pump” peak, which is precisely what we measured here.



The optical setup used to create the light for optical pumping and atom beam switching was a variation of a standard double-pass AOM setup, and it is depicted in Figure 5. We started with light from our cooling laser, which was tuned ∼6  MHz  below the   F = 3 →  F ′  = 4   transition. On a first pass through the AOM, there were two primary output beams; the first was the   − 1  -order beam that has picked up a negative frequency shift (equal to the AOM drive frequency    f  R F   ≈ 89  MHz  ) and an angular deviation, and the second was the 0-order beam with no frequency or angular shift from the input. As with a normal double-pass setup, we arranged a lens at its focal length from the AOM to align these beams parallel to each other, allowing us to retroreflect both in a way that was insensitive to the angle/drive frequency. The retroreflection was also performed at one focal length from the lens, in the so-called cat’s eye configuration, which resulted in a collimated beam for a second pass through the AOM.



Similar to a normal double-pass AOM setup, this geometry naturally resulted in the retroreflected   − 1  -order beam being at the correct angle to be frequency-shifted again in the same direction (in our case, negative), during the second pass. This beam also had an angular shift back onto the original input beam path (counter-propagating), and was shifted by   − 2 ×  f  R F     relative to the input beam. To eliminate the spatial overlap with the input, a   λ / 4   waveplate was used in the retroreflection arm, along with a polarizing beamsplitter cube on the input side of the AOM, to divert this output beam to be used in the experiment. As with the first pass, there was a portion of light that was unshifted during the second pass. This light was frequency-shifted by   − 1 ×  f  R F     relative to the input beam due to the first pass, and was not spatially overlapped with the input. This unwanted beam was easily blocked and eliminated with an iris.



Unlike a normal double-pass AOM setup, we did not block the first-pass 0-order beam from making a second pass through the AOM. Instead, we retroreflected this beam as well, which was also naturally at the correct angle for a frequency shift from the AOM (of opposite sign, in this case, positive). This beam also created two outputs upon going through the AOM a second time. One of these picked up a frequency shift, this time in the opposite direction (for a total shift of   + 1 ×  f  R F     relative to the input beam), and was spatially overlapped with our unwanted, blocked beam from the first-pass   − 1   order. The other picked up no frequency or angular shift from either pass, it was at the input frequency, and it was spatially overlapped with our output beam of interest (as well as the input beam up until the beamsplitter). This beam was also present—and contained all of the output power—when the AOM was switched off.



The result of this arrangement was that we had two spatial modes being output from the second pass when the AOM was on. One of these contained two frequencies of light we did not have a use for, and this was blocked. The other was coupled into a single PM fiber and directed into the optical pumping region of the experiment. This single spatial mode contained both light that was near the   F = 3 →  F ′  = 4   transition frequency, and light that was frequency shifted by   − 2 ×  f  R F     relative to this. The drive frequency was chosen such that this frequency was on resonance with the   F = 3 →  F ′  = 2   transition for efficient optical pumping. Since the optical pumping for this transition was significantly faster than for the   F = 3 →  F ′  = 4   transition, the atoms were pumped to the dark state by the “correct” light before the “incorrect” light had a chance to give the atoms a momentum kick, so we were left with a beam of atoms in the   F = 2   ground state. When the AOM was off, all of the light was output at the   F = 3 →  F ′  = 4   transition frequency, and driving this closed transition resulted in a significant momentum kick to the atoms, which caused the atomic beam to miss the aperture, effectively turning it off.




4. Detection Apparatus


4.1. Detection Laser Shaping


In this section, we briefly describe some additional considerations for designing the beam shaping optics for the detection beam. In the upcoming sections, we specifically concentrate on the longitudinal and transverse dimensions of the laser beam and the laser beam’s incident angle.



4.1.1. Longitudinal Width


Here, we describe the procedure we used to determine the proper longitudinal spatial extent of the detection laser field. In principle, the task of collecting fluorescence from an exciting laser beam is straightforward: illuminate the atoms with an on-resonance laser field, collect the fluorescence with a lens, and focus the light onto a photo-multiplier tube or other sensitive optical detector. By knowing the detection geometry and hence the geometric collection efficiency and fundamental atomic parameters such as the spontaneous decay rate, one can, in principle, extract the number of atoms in the excitation region. This procedure has worked well in other atomic beam experiments, e.g., [15,31,32,33]. In those and similar experiments, the atomic beam was well-collimated and hence, the interaction region was fairly small (∼1 mm), so that a paraxial approximation for the light collection would be suitable. Additionally, the longitudinal velocity was sufficiently high that most of the atoms did not have time to be optically pumped into the dark state (especially since the combination of an applied magnetic field and a circularly polarized detection field leads to a closed transition). For our experiment, the open nature of the transition coupled with the low velocity of the atoms means that optical pumping needs to be taken into account.



The ground states in    85  Rb have total angular momentum   F = 2   and   F = 3  , and the excited states of the D2 transition have total angular momentum    F ′  = 1 , 2 , 3 , 4  , which results in 36 magnetically sensitive energy levels, as shown in [29]. We developed a simple rate equation model that accounts for the population in all 36 levels, allowing for differing coupling strengths [29] and different polarization states for a laser field tuned close to the   F = 3 →  F ′  = 4   transition. Using this model, we explored the length of time it takes for atoms to optically pump into the dark state, and we found that in all cases under strong pumping, the atomic population decays exponentially from the   F = 3   to   F = 2   ground state with a 1/e time that is dependent on the laser intensity. For our value of the available laser power, the 1/e time was about 10,000 times the excited state lifetime for the Rubidium D2 line. The atoms will “go dark” after traveling for a time of ∼270  μ s, which corresponds to a distance of ∼1.6 mm based on the mean velocity of the atoms (see Section 2.2.2) of 6 m/s. We performed a rough check of these calculations by introducing a rectangular slit into the detection laser to produce a beam that is about 2 mm in the transverse direction and variable in the atomic beam longitudinal direction. As atoms get optically pumped, they turn dark and so a longer beam in the longitudinal direction will only produce more background scattering and no more atomic scattering. By scanning the frequency of the detection beam and monitoring both the signal-above-background as well as the absolute background signal and varying the slit width, we found the optimal longitudinal width of the detection beam to be about 2 mm. Subsequent designs for the detection laser included beam shaping optics that resulted in a beam with longitudinal extent of approximately 2 mm.




4.1.2. Transverse Width


As mentioned, our atomic beam has a broad transverse velocity distribution. Due to the Doppler-free aspect of our current laser beam configuration, this transverse velocity contributes little in the measurements we performed apart from transit broadening and non-uniform time the atoms spend in the light fields in our Raman and Ramset experiments. Therefore, it is advantageous to have a detection beam that is large enough to excite all the atoms in the atomic beam yet no larger, to avoid introducing unnecessary scattered light from the windows, vacuum system, etc. By optimizing the signal-over-background as we did in the preceding section, but this time varying the width in the transverse direction, we found the optimal width in the transverse direction to be ∼2.6 cm.



While this configuration maximized the signal-over-background for the Doppler-free configuration, it will not be optimal for the future Doppler-sensitive experiments that we have planned. When switching to the Doppler-sensitive configuration, we can restrict the size of the detection laser beam so that we only detect the atoms within a given (smaller) divergence angle. This reduction will have the effect of reducing the Doppler width of the Raman resonance in the Doppler-sensitive configuration, at the expense of signal-above-background. Reduction of the height of the Raman beam in the orthogonal direction will also have a similar effect. The expected Doppler broadening for atoms with a mean velocity of 6 m/s and a half-angle divergence of 56 mrad in the Doppler-sensitive configuration is about 430 kHz, which needs to be compared to the expected Raman linewidth in our system. For an atom traveling with a velocity of 6 m/s and assuming a 1 mm diameter beam for the Raman fields, beam, then roughly speaking, the 1/transit time frequency is 6 kHz. Thus, we would expect a Raman spectral width of about 430 kHz if all the atoms participated in the Raman process.




4.1.3. Incident Angle


When the system parameters—namely, cooling laser power and detuning, repump power and detuning, and rubidium dispenser current—were optimized for the maximum flux, we found that the collected fluorescence from a scanning detection laser (nominally at right angles to the axis of the atomic beam) consisted of a large, narrow peak as well as a smaller, broader peak. The broader peak remained when the cooling or repump laser was blocked. Traces for the fluorescence with and without the cooling laser on are shown in Figure 6. We interpreted this broader peak to be “hot” (thermal) atoms escaping through the pinhole. The width of the broad peak was not consistent with a room-temperature Doppler profile, likely caused by velocity selection due to the geometry of the design. In order to avoid collecting fluorescence from hot atoms, we relied on the relatively low velocity of the cooled atoms. We sent the detection laser beam into the chamber at as steep an angle as the ∼1.5” clear aperture window would allow (∼  10 ∘  ). This caused the peak of the Doppler-broadened line to shift relative to the uncooled peak enough to spectrally resolve the line-shapes. Furthermore, as outlined below in Section 4.2, we dithered the detection laser frequency on the side of resonance for a lock-in detection technique. When we did so, we always set the central laser frequency to the low side of the resonances, further eliminating contamination of the signal from the unwanted fluorescence from the hot atoms.





4.2. Lock-In Detection


Since all the laser beams used in this experiment are on continuously, a lot of stray scattered light reaches the detector. As a result, the fluorescence from the atoms in the   F = 3   state can be small relative to the background signal caused by this scattered light. In this section, we describe our method for using a lock-in amplifier to reduce the background signal while amplifying the signal. Since the parameters we are scanning for experiments (optical pumping or Raman frequencies) are not the same as the dithered parameter (detection laser frequency), this technique directly recovers the signal of interest and not the derivative-like signals that result from other lock-in techniques. Below, we describe this method to measure the Raman spectrum from the atoms. The same method is used for measuring Ramsey interference as well.



The lower blue trace in Figure 7 shows the result of a Raman spectrum measurement, as measured directly with the PMT. The measurement consisted of atoms emerging from the 2D-MOT source and being optically pumped into the   F = 2   ground state. The atoms passed through a single spatial mode of a laser field that consists of two frequencies nominally separated by the ground state splitting. The intensity of the laser fields and the spatial width of the laser fields were chosen to maximize the Raman peak of the clock transition. The atoms then traveled to the detection beam. The detection beam was shaped as described in Section 4.1. For normal operation of a lock-in amplifier, one might “chop” the detection laser (i.e., cycle the amplitude) and lock-in detect on the chopping frequency. However, as the scattering is partly caused by the detection laser itself, the detection laser scattering would also be amplified by the lock-in amplifier. Another normal mode of operation for the lock-in amplifier is to dither the frequency of the detection laser and lock-in detect on the dither frequency to create a line shape that is a derivative of a Lorentzian. We indeed dithered the detection laser frequency, but since this is not the parameter we are scanning in the experiment (which in this case is the two-photon detuning of the Raman fields), it resulted in a direct copy of the Raman signal (amplified and without the background) rather than a derivative. The detection laser was nominally locked to the low-frequency side of the peak of the transition. By frequency-modulating the detection laser, the fluorescence was amplitude-modulated but the background light was not amplitude-modulated (to first order). This enabled us to run the lock-in amplifier with an amplitude-modulated signal. Of course, there was additional (strong) background light from the Raman laser that reached the PMT as well. This light was not affected by the dithering of the frequency of the lock-in amplifier and so it was also filtered by the lock-in amplifier. Figure 7 (the upper red trace) shows the result of a measurement of the Raman signal under the same conditions as those for the blue trace, but using the lock-in amplifier.



However, one drawback of using the lock-in amplifier in this manner is that the bandwidth of the entire measurement system decreases substantially. As is well known, the linewidth of a Raman transition is inversely proportional to the time the atoms are exposed to the Raman field. In our case, this time is effectively set by the transit time of the atoms through the Raman laser beam. We used a laser beam spatial width of approximately 2 mm and the most probable velocity of our atoms was measured to be    v  m p   ≈ 6   m/s. Therefore, the transit time was 300  μ s (corresponding to a linewidth of 3 kHz). To avoid measurement broadening, the sweep rate of the Raman laser needs to be kept below 3 kHz/  300  μ  s. The full Raman spectrum consists of 11 peaks [34,35] whose entire frequency span depends on the applied magnetic field strength. Taking the component of the Earth’s magnetic field along the direction of propagation of the Raman field to be of the order of ∼0.1 Gauss (controllable by coils in our system) and noting that the transitions in    85  Rb have a first-order Zeeman shift of 1 MHz/Gauss, the full Raman spectrum spans   ± 0.5   MHz. Thus, the total scan time cannot be faster than   0.5   s. To obtain a decent lock-in amplifier signal, one needs to integrate for at least 100 cycles of the modulation frequency (and 1000 is better). Making a trade-off between data collection time and minimizing measurement broadening, our typical sweeps time of the Raman laser across the entire Raman spectrum lasted 10 s, although we used faster scan times for scans with lower amplitude.





5. Raman Laser


5.1. Construction


Both of our frequency-shifted Raman beams were derived from the same laser source (a distributed feedback laser or DFB). The overall frequency stability requirement is not as stringent as that of the other lasers. The cooling, repump, and detection lasers need to be stabilized to much less than a natural linewidth, which in rubidium is   2 π × 6   MHz. On the other hand, the Raman laser is typically detuned by several hundred MHz, so drifts in the order of 1 MHz are insignificant to the first order in our experiments. This alleviated the need for a saturated absorption setup and allowed for a simpler single-pass absorption cell setup to be used to monitor and tune the laser. The optics scheme for the light that goes to the experiment is depicted in Figure 8 (top) and a photo of the setup is shown in Figure 8 (bottom). The beam was oriented in a double single-pass configuration through an AOM (in this case a Brimrose GPF-1500-780 driven by an Analog Devices AD9914 3.5 GSPS direct digital synthesizer (DSS) and RF amplifier). A single pass produces a beam (1st order) that exits at an angle with a frequency shift equal to the RF drive frequency, carrying ∼20% of the incident light. The unshifted beam carries the remaining 80% of the power. By retroreflecting this 0th-order beam one can produce an additional 1st order beam traveling in the opposite direction, with a frequency shift of the same magnitude but opposite sign as the first-pass 1st-order beam. When the angle of the AOM and the incident laser are optimized for efficient generation of the first-pass 1st, the angle of the AOM is automatically phase-matched to a produce the second 1st-order beam. The result of this double single-pass configuration produced two spatially distinct laser beams (whose polarization can be independently adjusted with waveplates as needed) and whose frequency difference is set by twice the RF frequency driving the AOM with a frequency stability of about 10 Hz (limited by our reference source). These two beams were then combined via a two-to-one PM fiber into a single physical beam of laser light. The two beams of light emerging from the fiber nominally had linear polarization.




5.2. Masks


To create the individual beams necessary for interference experiments, we utilized a mask to create nominally identical physical beams from a single large Raman beam. Figure 9 depicts the optics used in this method. A combination of diverging and converging lenses was used to create a single, large, collimated beam. Ideally, they would be placed in a collimated beam rather than a diverging one; however, the placement was necessary due to physical limitations of the optics breadboard. The first QWP is a “fixer” used to turn the elliptically polarized light emanating from the (imperfect) PM fiber into completely linearly polarized light; the second quarter waveplate was used to ensure the same handedness of circular polarization. The half waveplate and PBS are used as a controllable power attenuator. Figure 9 depicts a spin echo mask as an example, but we have a variety of 3D-printed masks with one, two, and three slits for Raman, Ramsey, and spin echo spectra, respectively.



However, the mask method does have some characteristics which are not desirable. Since the mask size is comparable to the size of the laser beam’s Airy disc, the relative intensity of beams near the edges is dependent on precise placement of the mask with regards to the center of the disc. Similarly, the intensity of the beams is dependent on the slit spacing of the mask (the greater the separation of the beams, the weaker their intensity). These disadvantages do not come into play for the central, single-slit Raman configuration, but they are a factor for Ramsey interference and will be for spin echo interference. Finally, there is the fundamental presence of optical diffraction as the light passes through the slits. We projected the beam across the lab to look for diffraction effects in the far field. Diffraction was strongly present when the slits were ∼1 mm wide, but not noticeable when the slits were 2 mm wide (which became our normal operating slit width).



One final drawback of the mask method is that it caused power to be “thrown away”. The power coming out of the fiber is spread out over a large surface area, resulting in low intensity, forcing us to include a tapered amplifier (another Thorlabs TPA780P20 Tapered Amplifier mounted on a Thorlabs LDC2500B Tapered Amplifier Controller) when using the mask method. For typical operating power levels, we found the performance to be adequate, with the extra power (and signal) gained being worth the addition of unwanted on-resonant amplified stimulated emission (ASE). In addition to providing increased power, the inclusion of the amplifier also allows for easy adjustment of the power level, which is useful for characterization.




5.3. Optimization of the Raman Beams


5.3.1. Elimination of the AC Stark Shift


We were able to characterize the experimental apparatus and measure a multitude of relevant parameters. We began by minimizing the AC Stark shift. The AC Stark shift is proportional to    Ω  2  2  −  Ω  1  2    (where   Ω i   is the zero-detuning single-photon Rabi frequency of the i-  t h   transition) and inversely proportional to the single-photon detuning. (For large detuning, the average single-photon detuning of the two Raman fields can replace the individual single-photon detuning in the expression for the AC Stark shift.) We arbitrarily chose a value for the single-photon detuning that was close to resonance yet not so close that the coherent Raman process was masked by incoherent scattering. We measured the clock transition frequency at multiple total beam powers for a given power ratio of the blue- and red-shifted beams. If it shifted for different total powers, different combinations of filters were placed in front of the red and blue Raman beams to produce a different power ratio. The process was iterated until no frequency shift was measured. This iterative process resulted in a red-to-blue beam power ratio of 2.3:1.




5.3.2. Magnetic Field Measurement


We used the Raman transition to measure and manage the magnetic field in the vacuum chamber with electromagnetic coils [34,35] which were included for two reasons. The first is to spectrally isolate the clock transition. A magnetic field (with the appropriate strength) applied along the direction of propagation of the Raman laser beam(s) frequency shifts the other 10 Raman transitions farther away from the central clock transition [35]. The second reason is to minimize second-order Zeeman effects. Figure 10 depicts the clock transition peak position as a function of the applied magnetic field (in the direction of the Raman beams).




5.3.3. Setting the  π  Condition


We evaluated the signal above background as a function of total Raman beam power by adjusting the current in the tapered amplifier. We expect the signal to increase up to a point before falling off again—this maximum is the  π -pulse condition. We set the magnetic field to a value that spectrally resolved the clock transition. We then scanned the Raman laser frequency over the clock transition frequency and recorded the amplitude of the resultant scan for a range of total Raman powers. This method has the advantage of not needing additional equipment, but the disadvantage of being both discrete in laser power and time-consuming. We performed a similar measurement in which we kept the two-photon Raman frequency fixed and scanned the Raman laser power. We added a low-frequency AOM, passed the Raman fields through it, then sent the 1st-order beam to the vacuum chamber. The scan of the optical power was not linear but this was accounted for by “picking off” a portion of the laser beam and monitoring the power with a photo-detector. The results of these measurements are plotted in Figure 11, they are similar to the modeling discussed in [36], and they show Rabi oscillations as the laser power increases above the  π -pulse condition. The dephasing is likely caused by three effects. As the power increases, so do any residual AC Stark shifts, although we minimized the shifts as much as possible. The changing AC Start shift will appear as an increased detuning for the higher power, causing a drop in the oscillation amplitude. Secondly, the effects of incoherent scattering caused by the fact that the Raman fields are not “infinitely” single-photon detuned increase with increasing power. Finally, the atomic beam is not mono-energetic: the atoms have differing speeds which translates to differing times in the atomic beam and thus, the measurement is an average over all possible velocity classes/transit times.






6. Representative Data


In this section, we present some representative data collected from our apparatus. The main goal of these experiments was to produce Raman spectra with as large a signal-to-noise ratio as possible and demonstrate that we could also observe Ramsey interference despite velocity and transit time averaging.



6.1. Doppler-Free Raman Spectroscopy


Having optimized the parameters of our system, we turn to the presentation of typical data. The magnetic field coil was turned off so that the magnetic field around the atoms would be carbitrarily oriented with respect to the propagation direction of the Raman fields. This results in an 11 peaked spectrum [34,35]. Such a spectrum was depicted earlier in Figure 7. We used a red-to-blue power ratio of 2.3 to eliminate power-dependent AC Stark shifts (empirically determined), with the polarizations of the red and blue constituent beams matched (parallel linear). A downstream quarter-wave plate changes the linear polarization to same-handed circular polarization.



Total beam power was low (typically less than 5 mW as measured prior to the atom beam) due to sequential losses in the optics setup. Additional power will not appreciably help the signal in the Doppler-free configuration as we are already operating in the  π -condition. However, due to the fairly wide transverse velocity of the atomic beam, additional power may be required when the apparatus is placed in the Doppler-sensitive configuration. By carefully selecting the output parameters of our RF source, we were able to measure all 11 Raman peaks in the arbitrary magnetic field present in our lab. A combination of the magnetic sublevels of each manifold combined with selection rules results in 11 magnetically sensitive “paths”. We added magnetic coils as well, which allowed us to drive only the six even or five odd peaks as desired by adjusting the current through the coils (and thus, the direction of the magnetic field; this technique is described in detail in [35]. We have typically adjusted the current such that the even peaks are prominent as these contain the zero (or clock transition) peak, which we will use for Ramsey interference. A typical trace of a clock transition measurement is depicted in Figure 12.




6.2. Doppler-Free Ramsey Spectroscopy


As shown in [37,38], Ramsey interference is a result of a   π / 2 − π / 2   pulse sequence. This is a useful intermediate step (en route to a full interferometer) as it represents the simplest form of atomic interference we can generate in the experiment. More importantly, it was crucial in that it demanded that all of our Raman settings were correct. We can only see it if the physical beams have acceptable coherence, geometry, and are truly providing the atoms with   π / 2  -pulses (up to Doppler averaging). Figure 13 shows a representative trace of an optimized Doppler-free Ramsey interference pattern and is one of the main results of this paper—the demonstration of Doppler-free Ramsey spectroscopy from atoms emitted from a continuously operating 2D-MOT with continuous Raman fields. Of note is the asymmetry in the fringes. This effect is present in all of our measurements of Ramsey interference. We suspect the asymmetry is a consequence of velocity averaging in the presence of AC Stark shifts, but we have not been able to confirm this as of yet via theory or experiment. This will be the subject of future work in the lab.



The demonstration of Ramsey interference in our system provided us with more opportunities to optimize and characterize the experiment. Figure 14 shows the strength of the Raman signal (blue dots and orange fit) and the coherence as measured by contrast in a Ramsey experiment (purple dots) as a function of single-photon detuning. Unlike the Raman signal that we expect to simply fall off with increasing detuning, as shown in the orange trace, the Ramsey signal is subject to competing factors.



In order to characterize the Raman and Ramsey signals, we define two quantities: the signal-above-background (SAB), which is defined exactly as it sounds, and we can define contrast (C) as


  C =  M a x − M i n  /  M a x + M i n  ,  



(2)




where   M i n   is the first local minimum to the right of the central fringe. The SAB should increase with decreasing detuning (as with Raman spectra). Consider the case of a pulse that is less than a  π  pulse; the closer you are to resonance, the closer you are to the  π -pulse condition (with a larger signal). Contrast should remain constant for all frequencies until one comes too close to resonance, at which point spontaneous emission cannot be ignored. Figure 14 shows the Raman spectra amplitude (in arbitrary units) and contrast overlaid on top of each other to illustrate the trade-off between signal and contrast (maximizing signal without appreciably sacrificing contrast). Of note is that there is a small range of frequencies for which we could not take data because the effects of spontaneous emission overwhelmed the detection apparatus.



Figure 15 is a measurement of the fringe linewidth as a function of physical beam separation. Linewidth here is defined as the frequency difference between the center of the central fringe and the first trough to its right (higher frequency). Note that while the contrast did depend on the power balance between the two Raman beams making up the Ramsey interferometer, it remained constant with a constant power ratio between the two different frequency components. Furthermore, the trough location does not depend on power, so increasing the slit separation (with slits moving farther out in the Airy disk) does not affect the experiment. We expect it to vary inversely with beam separation [36]; all of our measurements are in qualitative agreement with this expectation.





7. Conclusions


In this paper, we have presented the details of our apparatus that was built to study interference in continuous beam atom interferometers with low average atom velocity. We characterized the atomic source, focusing on measurement of both the longitudinal and transverse velocities. The former was measured using a pulsed atomic source and the latter with imaging of the fluorescence from the atomic beam. We described our lock-in detection method to eliminate contamination of the desired signal by the strong background. We described our method for generation of the Raman fields and our methods for using them to optimize parameters in our setup such as power ratio to eliminate the AC Stark shift, magnetic field settings, single-photon detuning, and total power level. Finally, we presented some representative Raman and Ramsey spectra and optimized the operating parameters for Ramsey spectroscopy. Our results show that, despite the residual longitudinal velocity spread and the fairly high transverse velocity spread, a robust interference signal is observable. All the work described in this paper was performed in the Doppler-free configuration. Future work will involve either reflecting the Raman beam back itself or bringing in the Raman beams from opposite directions to be in the Doppler-sensitive configuration. This will be the starting point for future work.
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Appendix A


For these experiments, the detection laser was simply a circular beam of approximately 2 mm diameter that was sent into the chamber along a vertical direction through one of the top viewports. Due to the shape and size of the laser beam, only the atoms with small transverse velocity in the horizontal direction were detected, although atoms with larger transverse velocity in the vertical direction were detected. Subsequent experiments utilized a shaped detection beam (see Section 4.1). The detection laser power was held fixed at about 5 mW—a power level that roughly optimized the signal from the fluorescing atoms above the background caused by light scattering off the windows—and the frequency was scanned around the cooling transition at about 10 Hz. Light from the fluorescing atoms was collected with a collection lens and directed towards a photomultiplier tube, whose signal was amplified and filtered. The peak signal above background, which we used as a measure of atom flux, was recorded as a function of the total power from the cooling laser entering the MOT chamber.



Figure A1 (top) depicts the results of such a measurement. As is typical for atom traps, we see that the atom flux increased with increasing cooling beam power before saturating. Also displayed in the figure is a fit to a charging exponential function. Based on these data, we chose to operate the cooling laser at about 50 mW. At this level, the MOT was operating near the asymptotic limit, so that the system was fairly insensitive to power fluctuations of the cooling beam while not wasting power needlessly. A similar experiment was conducted to optimize the repump power and the results are depicted in Figure A1 (bottom). We chose to operate the repump laser at around 10 mW.
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Figure A1. (Top) Atomic beam fluorescence vs. cooling laser power along with a fit to an exponential function; these data were used to determine the optimal cooling laser power. (Bottom) Atomic beam fluorescence vs. repump laser power along with a fit to an exponential function; these data were used to determine the optimal repump laser power. 






Figure A1. (Top) Atomic beam fluorescence vs. cooling laser power along with a fit to an exponential function; these data were used to determine the optimal cooling laser power. (Bottom) Atomic beam fluorescence vs. repump laser power along with a fit to an exponential function; these data were used to determine the optimal repump laser power.
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Figure 1. A schematic representation of our experimental setup. In the left (yellow) 2D-MOT section, a rubidium getter is used as an atomic source. Standard 2D-MOT cooling and repump beams with the correct circular polarization states are directed into the chamber and retroreflected through a quarter-waveplate. Another similar cooling beam (not depicted) travels vertically, into and out of the page. Prior to the 2D-MOT beam entering the interferometry section to the right (green) through a small aperture, an optical pumping beam is applied to optically pump the atoms to the dark state (or to shutter the atomic beam). The result is a diverging beam of cooled atoms traveling along the central axis of the science chamber, through the interferometry region from left to right. In this interferometry section, we have three areas of optical access where we apply the interferometry beams and implement our detection setup. 
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Figure 2. Frequency difference between fluorescence from atoms in the atomic beam and a simultaneous saturated absorption spectrum. The difference suggested a most probable atomic beam velocity of ∼4.4 m/s. 
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Figure 3. Time-of-flight detection signal of optically pumped atoms. The amplitude peak corresponds to the most probable speed of 6.4 m/s. 
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Figure 4. Measurement of the atomic beam fluorescence versus auxiliary laser frequency with no optical pumping (solid purple trace), optical pumping on the   F = 3 →  F ′  = 4   transition (dashed yellow trace), and optical pumping on the   F = 3 →  F ′  = 2   transition (dotted and dashed orange trace). The single-pass absorption signal from the scanning auxiliary laser (dotted blue trace) is included as a frequency reference (and here one can see the 1.5 GHz frequency shift due to our selection of the red-shifted Raman beam as the auxiliary laser). Of note, not only is   F = 3 →  F ′  = 3   more difficult to produce with our equipment than   F = 3 →  F ′  = 2  , but it also provides less efficient optical pumping. 
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Figure 5. The optical setup used to create the light for optical pumping and atom beam switching. Input light, at frequency   f 0  , from the cooling laser (red) passed through an AOM being driven at   f  R F   , producing 0-order (blue) and   − 1  -order (green) output beams. These were retroreflected in a double-pass cat’s eye setup, without the usual iris blocking the 0-order beam. The result was that the output mode we wished to use (magenta) contained two frequency components—one from light that was shifted down in frequency on both passes (at frequency    f 0  − 2 ×  f  R F    ), and the other from light that was not shifted during either pass (at frequency   f 0  ). The unwanted second-pass output also contained two frequencies that were not of use to our experiment (at frequency    f 0  − 1 ×  f  R F     and    f 0  + 1 ×  f  R F    ), which we blocked with an iris. A   λ / 4   waveplate in the retroreflection arm, along with a polarizing beamplitting cube on the input side of the AOM, was used to spatially separate the input beam from the output beam of interest. 
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Figure 6. Detected fluorescence with cooling lasers for the 2D-MOT on (blue trace) and off (red trace). 
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Figure 7. Raw Raman spectrum (blue) and output from the lock-in amplifier (red). 
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Figure 8. (Top) Depiction of the optics scheme used to create the two frequency-shifted Raman beams from a single laser. When the light from the Raman laser passes through the AOM, the 1st-order beam (red dotted arrow) is red-shifted by 1517.866 MHz. After retroreflection of the unshifted 0th-order beam, the 1st-order beam from the second pass (blue dashed arrow) is blue-shifted by 1517.866 MHz. These two beams are then combined via a 2-to-1 PM fiber and taken to the experiment (dashed and dotted beam at bottom of the diagram). (Bottom) Photo of the optics scheme used to create the two frequency-shifted Raman beams from a single laser. 
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Figure 9. Depiction of the optics used to create the separate physical Raman beams from the single Raman laser. The beam size is manipulated so that a mask may be used to make the beams; as an example, this depiction shows a three-beam mask used for spin-echo interference. The polarization produced depends upon whether the configuration is Doppler-sensitive or not (this depiction shows same-handed circular polarization for a Doppler-free, co-propagating scheme). 
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Figure 10. Experimentally measured clock transition frequency as a function of applied magnetic field longitudinal to the Raman beam propagation direction. 
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Figure 11. A typical measurement of Rabi oscillations as a function of laser intensity. The x-axis is scaled to the maximum power attainable and the y-axis is scaled to the maximum fluorescent intensity. 
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Figure 12. Experimentally measured clock transition in the Doppler-free configuration. The peak is not centered about 0 detuning because of the presence of a small second-order Zeeman shift. 
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Figure 13. Experimentally measured Doppler-free Ramsey interference pattern. 
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Figure 14. Experimentally measured Raman signal above background data points (blue circles) and Ramsey contrast (red crosses) as a function of detuning. 
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Figure 15. Experimentally measured Ramsey fringe linewidth (frequency difference between the central peak and the adjacent trough) as a function of physical beam spacing for two typical runs. The data points are fit to   y = A / d + c  , where A = 2995 Hz * mm, d is the slit spacing, and c = 18.6 Hz for run 1, with A = 3516 Hz * mm and c = −5.30 Hz for run 2. 
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