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Abstract:

This experiment investigates time-reversal symmetry. Since we cannot actually reverse time, a good way to study time reversal symmetry is to find something that, if it exists, would be guaranteed to violate T-symmetry. A good candidate is the nuclear electric dipole moment (EDM). Radium-225 is used for its relatively long lifetime and its spin of 1/2. Radium atoms will be trapped and cooled by lasers, then submitted to a constant B field and a randomly-alternating E field. The B field will create a spin precession -- if the precession frequency changes measurably with the alternating E field, it means that Radium nuclei have an EDM. In order to assure that any observed change in frequency is not due to an unstable B field, Rubidium atoms are subjected to the same B field (but not the E field), and their precession frequencies are measured concurrently. My project is to implement a DAVLL (Dichroic-Atomic-Vapor Laser Lock) system, which will provide the experiment with a laser of sufficiently stable frequency to use for the analysis of the precession frequency. The DAVLL system (developed by Prof. Lu and others) uses a negative feedback loop to maintain a stable frequency, by using Zeeman-shifted transitions in a weak magnetic field to lock on to the desired resonance frequency. The advantages of the DAVLL system over other systems are its large capture range (which makes it less subject to perturbations) and the ability to easily create an offset to lock onto a frequency other than the resonance (important in the EDM experiment, as explained below). My primary goal is to implement this system, my secondary goal is to determine how stable it is, and my tertiary goal is to properly shield the system so that the magnetic fields required do not interfere with the very careful measurement of precession frequency that must occur nearby. 

Introduction:


In the study of time-reversal symmetry, a good candidate is the nuclear electric dipole moment (EDM). Radium-225 is used for its relatively long lifetime and its spin of 1/2. Radium atoms will be trapped and cooled by lasers, then submitted to a constant B field and a randomly alternating E field. The B field will create a spin precession -- if the precession frequency changes measurably with the alternating E field, it means that Radium nuclei have an EDM. In order to assure that a change in frequency is not due to an unstable B field, Rubidium atoms are subjected to the same B field (but not the E field), and their precession frequencies are concurrently measured. The measurement of the B field is estimated to require a drift of less than ~10nGauss/min, for this particular experiment. 


To analyze the spin precession frequency of the Rubidium, a laser must be locked near resonance, and must be very stable in frequency over the duration of the experiment (which could be on the order of weeks); for this purpose the Dichroic Atomic Vapor Laser Lock (DAVLL) system was implemented1. Previous groups have developed magnetometers using the DAVLL system with notable success2. The advantages of the DAVLL system over other systems is its large capture range (which makes it less subject to perturbations) and the ability to easily create an offset to lock onto a frequency other than resonance. This second part is important in the EDM experiment, as the measurement of the polarization of the Rubidium will simultaneously eliminate the polarization (the spin will begin to precess due to the magnetic field—if the probing laser was left on long enough a continuous spectrum of polarizations would be generated). Polarization can be induced by using a polarized pulsing beam (with the frequency of chopping equal to twice the frequency of precession, so that the spins are in phase at a macroscopic level); the probing beam is locked off-resonance to diminish its undesired effect on the macroscopic Rubidium polarization. There is still sufficient absorption for a good signal. 

The probing beam produces a sinusoidal absorption vs. time plot, as more light is absorbed when the spins are aligned with the beam polarization--the frequency of the absorption vs. time plot is twice the precession frequency (because the precession frequency is a 2pi rotation, but the absorption is max at both parallel and antiparallel). The phase is also measured (as with any driven oscillator, the phase of the oscillator relative to the driver will change as it’s scanned over the oscillator’s resonance frequency)—in one configuration, the frequency and phase are sent to the chopping laser in a feedback loop (otherwise you don’t know what frequency to chop at). In the other configuration, the chopping beam is scanned across the resonance and the frequency/phase of the probing beam is measured for each chopping frequency. Regardless of which configuration is used, since the spin precession frequency and the magnetic field are related by a constant, knowing the frequency in Rubidium gives the magnetic field in both the Rubidium and Radium.

Apparatus:
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Figure 1 shows a schematic of the DAVLL system. A laser diode is used which has a large gain over a wide range, centered roughly on 780nm (to match the 85Rb hyperfine transitions F=3(F’=2,3,4)1. The two mirrors inside provide resonance at certain frequencies, where the distance between the two is an integer multiple of the wavelength. This can be adjusted by changing the temperature or the current. The laser will lase where the combined gain of the diode and the mirrors (a sine wave with peaks at the integer multiples) is maximized. The laser light is sent into a diffraction grating and the first interference maximum is sent back into the laser. This provides two more resonance conditions—one where the distance from the grating must be an integer wavelength of the light, and one from the conditions of being a first interference maximum, due to the diffraction grating itself. These last two resonance conditions can be adjusted by varying the angle of the grating (by the use of a piezoelectric crystal)—thus all three resonance conditions can be adjusted to output a single frequency, which can take any value over a large range. For this experiment the desired range is 2GHz. 


The output laser is then sent through a polarizer, and next sent through a Rubidium cell which is subjected to a strong B field (~200 Gauss). This B field does not have to be spatially uniform, but it must be temporally stable to achieve a good lock, so permanent magnets (magnetic filings uniformly distributed in rubber) were used. The light is now a superposition of two circular polarizations, one clockwise and the other counterclockwise. If no B field were present, a single absorption peak would be measured at the resonance, and the absorption profile would be spread out into a Gaussian due to Doppler shift (the Rubidium is a gas, with some atoms moving toward the laser and others away). However, in the presence of a B field each of the circular polarizations absorbs at a different frequency, one shifted up and one shifted down by the same amount, due to angular momentum conservation.1 
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The light exits the cell and is converted into two perpendicular polarizations by a quarter-wave plate. The light then enters a polarizing beam splitter, which sends each polarization to a different photodetector. Figure 2 shows the circuit diagram for the module that analyzes the laser light. The signals from each photodetector (a current source) are amplified by an inverting amplifier (the capacitor gives a 3dB reduction at 10kHz, to eliminate possible electronic ringing). One of the signals is then inverted, and the two are summed to produce a signal as shown in Figure 3. This allows us to lock onto resonance. A DC offset is added to the signal to allow us to lock onto any frequency with a steep slope in the range. 
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The output from the DAVLL module is sent to a laser lock module, which can integrate the signal and output to the piezoelectric crystal, thus changing the angle of the diffraction grating, and also determines the current through the diode (proportional to the current given to the PZT, with a proportionality constant variable from experiment to experiment). With the integrator off, the signal produced is the one shown on Figure 3 (the PZT can cycle through the 2 GHz range on the order of milliseconds). With the integrator on, the DC voltage is integrated to increase linearly in time to provide negative feedback. The integrator will integrate any non-zero signal, so the frequency will continue to be adjusted until the signal (the differential absorption signal shifted up or down by the offset) is zero. Due to ambient fluctuations and noise the signal will not stay at zero, but the integrator ensures that lock will remain established within a fraction of a MHz. 

Data and Analysis:


The uniformity of the B field in the magnetic chamber was tested for multiple configurations, using a Hall probe. Though the DAVLL system will function even with a very nonuniform B field, a uniform B field will provide a better signal-to-noise ratio. Figure 4 shows the first configuration, with each rubber magnet evenly spaced 5mm apart (each magnet was 3mm thick, and 13 were used). The cell is shorter than the magnetic chamber, and is put between 15 and 95 mm. Thus we see that it will experience magnetic field of 102 +/- 19 Gauss. Multiple configurations were tested with varying spacings, both with even spacing and linearly increasing spacing, as well as two sizes of magnets. Figure 5 shows the final configuration, using larger (more powerful) magnets spaced at even intervals. The second design generates a B field of 229 +/- 14 Gauss, showing a marked improvement over the first in both field strength and uniformity. 
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The DAVLL system was then tested over a range of ~2 GHz; the results are shown in Figure 6. The red curve shows electron ground state to first excited state hyperfine transitions for two isotopes of Rubidium (85Rb being more abundant in the cell)—this was done in a cell that was not exposed to a magnetic field. The blue is the DAVLL signal—it is clear that the points of steepest slope correspond to the peaks of the unshifted transitions. The DAVLL signal can be shifted vertically by an electronic offset, and shifted horizontally by rotating the quarter wave plate (though this introduces an asymmetry in the resulting signal), thus allowing a lock in a broad range. 
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The completed apparatus was tested to determine its stability. First, perturbations were applied (both physical and electronic)—the time required for the signal to return to its original lock point was about 2 seconds. The long-term stability was also measured. As there was only time to build one DAVLL system, a study of the beat frequency between two DAVLL systems could not be done. Instead, the laser frequency drift was measured with a Fabry-Perot interferometer. The measured drift, 50 MHz over 30 minutes, was comparable to the expected drift of the interferometer itself, thus indicating a drift sufficiently small as to be undetectable with that instrument.

Conclusion:


The DAVLL system was able to lock a laser on and near resonances for Rb in a 2Ghz range. The locks were stable for an extended period of time with a very small drift. Sharp perturbations were corrected for by the feedback loop within a few seconds; long-term drift was immeasurable with current equipment. The measured stability is sufficient for a magnetometry measurement sensitivity ~1nGauss/min.  
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Fig. 1. The DAVLL system1.





Fig. 4. Magnetic field axial strength for the evenly-spaced configuration. 





Fig. 3. Output signal from the DAVLL module, scanned over 2 GHz.1 





Fig. 2. DAVLL module circuit diagram.





Fig. 5. Magnetic field axial strength for the final configuration.





Fig. 6. DAVLL signal, compared to an unshifted Rubidium spectrum.
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