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Abstract A highly tunable and robust method for frequency stabilising a diode laser has been developed. This uses the Zeeman shift of an atomic absorption line in Rb in the presence of a magnetic field. This paper describes the research done by the author during 1998 for a partial fulfillment of the requirements for a Postgraduate Diploma (DipSci) degree in Physics at the University of Otago.
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1



Introduction



Frequency stabilized laser diodes are used in various applications in atomic physics research, for example in the Bose-Einstein Condensation (BEC) experiment at the University of Otago. The standard method utilizes saturated absorption and stabilizes the laser diodes to either side or the peak (as used by the BEC group) of any sufficiently well resolved transition of the Rb hyperfine absorption spectrum. This method results in a good frequency stability, but the drawbacks are that the laser frequency is tunable only over a very narrow range of a few MHz (or not at all1 in the case of peak-locking) and that the locking is very sensitive to environmental disturbances that shift the laser frequency by more than ≈10MHz. The method described in this paper is more robust and easier to set up.



2



The Theory of Atomic Fine and Hyperfine Structure



Atoms have different forms of angular momentum contributing to the overall angular momentum: Orbital angular momentum, Spin angular momentum of the electrons and of the nucleus. All angular momenta generate magnetic moments which interact with each other. The following is a brief summary of atomic structure. A more detailed description is given in reference [1].



2.1



Magnetic Moment of Orbital Angular Momentum



In a classical picture, the magnetic moment of orbital angular momentum can be understood from the circular current the electrons generate orbiting around the nucleus. The expression for the magnetic dipole moment µ~l is: µ~l = − 1



gl · µ B ~ l h ¯



optical modulation techniques must be used to shift the frequency in this case



(1)
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Where gl =1 is the gyromagnetic ratio of the orbital magnetic moment, µB is Bohr’s-magneton and ~l is orbital angular momentum. The vector of orbital magnetic moment is antiparallel to the vector of orbital angular momentum. It is quantized and can be determined only in magnitude and z-component at the same time.



2.2



Magnetic Moment of Spin Angular Momentum



The following magnetic moment is correlated to spin angular momentum: µ~s = −



gs · µ B ~s h ¯



(2)



The important difference to the magnetic moment that is generated by orbital angular momentum is its different gyromagnetic ratio. As we learn from Quantum Mechanics, it is2 gs ≈ 2. Both magnetic moments µ~l and µ~s combine vectorially to give a total magnetic moment (fine structure interaction, so called LS-coupling) µ~j = −



gj µ B ~ j h ¯



(3)



where gj , the so called Lande-factor, is given by gj = 1 +



j(j + 1) + s(s + 1) − l(l + 1) 2j(j + 1)



(4)



We can see, that the Lande-factor has a numerical value of 1 for pure orbital magnetic moments (s = 0) and a value of 2 (see footnote) for pure spin magnetic moments (l = 0).



2.3



Magnetic Moment of Nuclear Spin



Atomic nuclei possess a mechanical angular momentum I with |I| = Nuclear spin I assumes multiple values of 2



1 , 2



p



I(I + 1)¯h.



ranging between 0 and



15 . 2



The



Actually, using Quantum Electrodynamics, more exactly it is calculated to the measured



value of 2.0023 [1]
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correlation between nuclear spin and nuclear magnetic moment is µ~I =



gI µ N ~ I h ¯



(5)



e¯h 2mP



(6)



Here, µN =



is the nuclear magneton, where mP is the proton mass. The nuclear magneton thus is smaller than the Bohr magneton by the ratio of electron and proton mass: µN = µB /1836.



2.4



Fine and Hyperfine Interaction



Atomic fine structure splitting results from LS-coupling of internal atomic fields. For atomic fine structure, the coupling energy is described by ~l Vl,s = −~µs · B a = [j(j + 1) − l(l + 1) − s(s + 1)] 2



(7)



where an expression for a for atoms similar to Hydrogen is (with n main quantum number) a∝



Z4 n3 l(l + 12 )(l + 1)



(8)



The hyperfine interaction energy can be calculated in an analoguous way. It is three orders of magnitude smaller than the fine structure interaction energy described above because 1/1836 is the ratio of the magnetic moments of nuclei and electrons. ~ J generated by orbital At the position of the nucleus, there is a magnetic field B motion and spin of the elctrons. This field influences the magnetic moment of the nucleus and orients the nuclear spin. So, angular momenta of the electrons ~ and the nucleus (I) ~ couple to a total angular momentum (F~ ). In analogy to (J) LS coupling for electrons, F~ = J~ + I~



(9)
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where the absolute value of total angular momentum |F~ | =



p



F (F + 1)¯h.



(10)



The quantum number of total angular momentum F~ can have the values F = J + I, J + I − 1, . . . , J − I. Thus, there are (2I + 1) or (2J + 1) possibilities, depending on whether I is smaller or larger than J. It is worth noting, that J and I determine the number of hyperfine levels. Nuclear spin can be measured when J is known. The interaction energy is ~J VHF S = −~µI · B a = [F (F + 1) − I(I + 1) − J(J + 1)]. 2



(11)



Here a is gI µ N B J a= p . J(J + 1)



(12)



Hyperfine structure in a specific rubidium energy level is explained in more detail in section 2.6 on page 5 and shown in figure 2 on page 7.



2.5



Zeeman Effect: Hyperfine Structure in an external magnetic field



In the weak field case (no Paschen-Back-effect), the shift of the atomic energy terms due to hyperfine splitting in a magnetic field is given by ∆EHF S = gF µB BmF



(13)



with F (F + 1) + J(J + 1) − I(I + 1) 2F (F + 1) µN F (F + 1) + I(I + 1) − J(J + 1) − gI µB 2F (F + 1)



gF = g J



(14)
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In this equation, the second term can be neglected, because it is very small compared to the first one. It is smaller by the factor µN /µB = 1/1836. Finally, a weak magnetic field yields an equidistant splitting of hyperfine lines into 2F + 1 components. Recall, gJ = 1 +



J(J + 1) + S(S + 1) − L(L + 1) 2J(J + 1)



(15)



So, neglecting the second term of (14), we get:



 J(J + 1) + S(S + 1) − L(L + 1) · ... ∆EHF S = 1 + 2J(J + 1)   F (F + 1) + J(J + 1) − I(I + 1) µB BmF ... · 2F (F + 1) 



Here, µB , Bohr’s magneton, is µB =



e¯ h , 2me



(16)



B the magnitude of the external



magnetic field and mF the directional magnetic quantum number (values F, F − 1, . . . , −F ).



2.6



Zeeman-Splitting in Rb Hyperfine Structure



Natural rubidium is a mixture of the two isotopes



85



Rb and



87



Rb. The isotopes



have a different nuclear spin and abundance. Relative Abundance Nuclear Spin I 85



Rb



0.722



5/2



87



Rb



0.278



3/2



As discussed previously, the atomic fine structure originates from an interaction of atomic magnetic fields and magnetic moments of electron spin and orbit. Fine structure interaction splits up the Rubidium P levels into 5P1/2 and 5P3/2 . Hyperfine interaction originates from interaction of nuclear magnetic moments
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Figure 1: Spectral-Transitions in Rubidium (Schematic) with intra-atomic magnetic fields in exactly the same way. Nuclear spin magnetic moment I interacts with J. F~ = J~ + I~



(17)



where the absolute value of total angular momentum |F~ | =



p



F (F + 1)¯h.



(18)



The quantum number of total angular momentum F~ can have the values F = J + I, J + I − 1, . . . , J − I. So we get hyperfine levels for the two rubidium isotopes in the fine structure states 5S1/2 , 5P1/2 and 5P3/2 . These states and the allowed optical transitions with ∆F = ±1, 0 are shown schematically in figure 1.
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In a weak external magnetic field (weak compared to the inneratomic fields of the order of magnitude 1Tesla), the 2F +1-degeneracy of directional quantization of total atomic magnetic moment is resolved and z-components of µ ~ = g F µB m F can be measured, where the magnetical quantum number mF can assume the values mF = F, F − 1, . . . , −F .
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Figure 2: Hyperfine splitting (schematic) for J=3/2, I=3/2 in an external magnetic field The Zeeman energy shift in atomic hyperfine states is ∆E = gF µB B0 mF , where B0 is the magnitude of the external magnetic field. For all rubidium transitions we get an energy shift of ∆Etotal = ∆E 0 − ∆E = µB B0 (gF0 m0F − gF mF )



(19)



where the primed symbols are related to the upper state. In figure 3, an example (lower state



87



Rb 5S 1 , F=2, mF =2 and upper state 5P 3 , F=3, mF =3) 2



2



with a slope of 1.4MHz/Gauss is shown. For other transitions the slopes of the differences between shifted upper and lower states vary.



2 THE THEORY OF ATOMIC FINE AND HYPERFINE STRUCTURE



Zeeman Energy Shift of hyperfine levels



1200



Upper state: 87Rb 5P3/2, F=3, mF=3 Lower state: 87Rb 5S1/2, F=2, mF=2 Difference



Change in Frequency [MHz]



1000 800 600 400



Lower state and difference: slope=1.4MHz/Gauss 200 0



0



50



100



150 200 250 Magnetic field [Gauss]



300



Figure 3: Magnitude of Zeeman Frequency-shift
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Experiment



3.1



External Cavity Diode Laser (ECDL)



The output wavelength and linewidth of diode lasers depend on various factors. Usually, the frequency is determined by the cavity length of the laser chip and the bandgap providing the gain by carrier injection. By changing the temperature and current, the laser frequency can be moved slightly, since this changes the refractive index, the cavity length and the gain curve. However, the linewidth for all but a select few special laser diodes is broad and the laser may be operating with multiple longitudinal modes. The laser diode used in this project is a SHARP LT024MD0 (see appendix A.3) with a frequency tuning range of approximately 6nm (≈3000GHz at centre wavelength 780nm)3 for a temperature change of 30K. Thus to stabilise the frequency it is very important to stabilize the diode’s temperature. It is also necessary to stabilize the injection current because fluctuations change the output frequency, and voltage spikes can easily destroy the laser chip. To obtain a spectrally narrow single longitudinal mode, we make up an external cavity with optical feedback from a diffraction grating in the Littrow configuration. The output beam reflects off the grating (zeroth order diffraction) while the first-order beam diffracts back into the diode laser chip, as shown in figure 4. Diffraction from a grating is described by the equation d(sin θm − sin θi ) = mλ Here, • d is the line spacing of the grating, • θm is the angle to the normal of the mth order diffracted beam, 3



Calculate from relation



∆ν ∆λ



= − λν



(20)
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Mount Laser Diode 1st Order Diffraction



Diffraction Grating Piezo Element



Theta



Output Beam 0th Order Diffration (Reflection)



Figure 4: Diode/Grating in Littrow configuration • θi is the angle to the normal of the incident beam • m is the order of diffraction, • and λ is the wavelength of the incident/diffracted light. If the incident angle is such that the first order diffraction counterpropagates the laser output, the above equation simplifies to 2d sin θ = mλ



(21)



where θ is the so called Littrow-angle for a given wavelength λ. The optical feedback from the grating narrows the the linewidth of the laser output to approximately 1MHz, and provides a simple method for tuning the laser over a range of ≈25nm. Note that the grating feedback tuning range in the ECDL configuration is much larger than the temperature tuning range (of only 6nm). The feedback from the external cavity dominates over the internal feedback from the diode’s output facet. This gives a spectrally biased feedback that shifts
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and narrows the overall gain curve of the ECDL system. The wavelength of the external feedback has the lowest overall loss and succeeds in the resulting mode competition. It simple words, the grating essentially filters the gain curve of the free-running (without grating) diode laser. Changing the angle of the grating changes the output wavelength of the ECDL. [6] The diffraction grating is attached to a mirror mount and the horizontal tilt angle can be controlled by a piezo disk positioned in the mirror mount (figure 4). Piezo elements change their length in proportion to an applied voltage. By applying a voltage ramp to the piezo element, the laser frequency can be swept over a wide range of up to 10GHz, which is more than adequate for many atomic physics applications. This frequency scan is free of cavity mode hops when the ECDL is correctly aligned, and a sensible injection current and chip temperature is used. The frequency of cavity modes is given by the following equation [2] r    d d −1 1 − R2  cos 1 − R1 c    q + (l + m + 1) νlmq =  2nd  π



(22)



Here, ν is frequency, c is the speed of light, n the refractive index of the gain medium, d is the cavity length, l and m correspond to the Transversal Electric Mode (TEM) numbers and q is an integer characterising a longitudinal cavity mode. Normally, diode lasers operate in TEM00 -mode. So, the longitudinal mode spacing (for same TEM modes, e.g. TEM00 ) of the diode laser is decribed by the following equation:



∆ν = νq − νq−1 =



c 2nd



(23)



The spectrally narrow laser output from the ECDL cannot be kept stable for long periods of time, since it is subject to drifts because of mechanical vibrations and temperature fluctuations in the ECDL. In order to stabilize it further, it has
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to be locked to an external reference, such as the spectral transitions in Rb-Atoms. A frequency locking feedback signal can be generated from the Rb vapour and used to compensate for slow drifts by adjusting the tilting angle of the diffraction grating. Fast fluctuations with frequencies in excess of 1kHz cannot be removed by this method, since these exceed the piezo element responce time. These fast fluctuations (up to frequencies of GHz!) can be eliminated by feedback to the laser current, but this is beyond the scope of this project.



3.2



Saturated Absorption



In order to learn about the rubidium hyperfine structure and gain experimental skills setting up and using infrared diode lasers and external cavity grating feedback (ECDL), the first experiment performed for this project was Saturated Absorption Laser spectroscopy of Rb-vapour. It also was intended to be a test for the setup of a new type of laser diode in an ECDL which differs from the sort used in the BEC experiment. (The type of laser diodes currently used in the BEC experiment are no longer available.) 3.2.1



Tuning the Laser to Rubidium Transitions



The first task was to install the new laser diode and set up the ECDL by mounting and aligning the grating in the Littrow configuration. Since a predesigned case was available, it was straight forward to get the components roughly into the right places. Special care had to be taken with the diode laser. Since it is extremely sensitive to static discharge, the diode pins had to be kept short-circuited at all times until they were properly connected to the current controller. In order to avoid any unpleasant surprises, the current controller had previously been tested thoroughly with a series circuit of three normal diodes and a 1Ω resistor. Since the output beam of a free running laser diode is diverging (elliptically with angles of θ1 = 29.9◦ and θ2 = 11.5◦ ), a collimator lens was mounted on a
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single axis translation stage and installed near the laser diode’s output facet. By changing the distance between laser diode and collimator lens, the beam collimation can be adjusted. The collimation is good when the spotsize of the output beam directed onto a wall several meters away is minimized. The grating was installed so that the first order diffraction was directed back onto the collimator lens and into the laser. The ECDL needs the vertical axis of the grating very carefully aligned. To do this, the current of the laser diode is adjusted to just below the free running threshold (in this case just under 38mA). A big change (a “flash”) in the output intensity can be observed when the alignment of the grating is correct. Fine adjustment is achieved by minimising the current while still observing the “flash” indicating optical feedback. When light is fed back into the laser chip, the lasing threshold goes down because the external cavity loss is less than the free running loss. The whole aligning process is extremely sensitive and requires patience and skill. Horizontal alignment is rather less important here. After initially setting it up roughly, it is controlled by the piezo voltage (and determines the output wavelength as described earlier). Initially, horizontal alignment is done in the same way as the vertical alignment, observing the “flash” of optical feedback. The range in which horizontal alignment gives optical feedback is wider than the equivalent one for vertical alignment. To get the widest possible ECDL piezo tuning range, the horizontal alignment is set to the peak of the “flash” with an applied piezo offset voltage of half of the allowed maximum. Now the ECDL output frequency has to be tuned to a set of rubidium transitions. Since the laser light is in the near-infrared region (780nm), this can be quite difficult for beginners, so the use of an infrared viewer to detect fluorescence in the Rb-cell is essential. The procedure used is as follows. First, the laser current is turned up to a normal operational level, leaving the possibility of turning it further up or down. In this case the maximum current of the SHARP LT024MD0 laser diode
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is 75mA, so initially the current is set to approximately 65mA. Then the ramp voltage driving the piezo element is switched on, sweeping the laser frequency periodically over a range of about 3GHz. The piezo element used is a Thorlabs AE0203D08. It requires a voltage of approximately 40V to perform the frequency scan in this setup. The piezo element can tolerate voltages of up to approximately 100V so that an offset voltage on top of the ramp voltage can be applied to shift the sweeping range. Shining a fraction of the laser through a rubidium cell when the ECDL is aligned, the transitions can be observed by measuring the absorption with a photodiode. On an oscilloscope, the preamplified signal of the photodiode can be displayed versus the ramp voltage of the piezo sweep, so that the time base is just the laser frequency. Next the horizontal grating alignment is adjusted slowly while the Rb-cell is monitored for traces of fluorescence. Once fluorescence is observed, the laser current, piezo ramp voltage and the ramp voltage offset are then adjusted so that the (Doppler broadened) absorption lines can be identified. If the transitions are not observed, the ECDL alignment should be checked. Since the vertical alignment is extremely sensitive, minute changes will result in a completely different behaviour of the ECDL in the process described above. When the vertical alignment is done correctly this maximises the spacing between ECDL cavity mode hops. After aligning the laser, the saturated absorption spectroscopy can be carried out as described below. Most of the time it is possible to find Rb transitions with a normal operation current of approximately (65±5)mA, resulting in a free running laser output power of ≈20mW (only a fraction of that energy is coupled out of the ECDL in the 0th order of grating diffraction). Sometimes it was necessary to use slightly higher currents and to adjust the offset voltage on the piezo element. If none of these adjustments give fluorescence, then the temperature of the laser chip may need to be changed (see laser diode specifications).
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Figure 5: Theoretical Doppler-Spectrum of the D2 Transitions The atoms in a Rb vapour cell are moving with a Maxwell-Boltzmann distribution of velocities in any single direction. 2 mvx



P (vx ) ∝ e− 2kT



(24)



Here, vx is the particle velocity, P (vx ) the probability of having a particle in the velocity range vx , vx + dvx , m the particle mass, k Boltzman’s constant and T temperature in K. When we call the centre frequency of the atomic transition νt and the laser frequency νL , atoms with velocity vx = c







νt −1 νL







(25)



will interact with the laser beam, since the frequency Doppler shift is given by  vx  ν 0 = νL 1 + . c



(26)
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Figure 6: Saturated Absorption Experiment So, for νt > νL , atoms moving towards the beam will absorb the light (positive vx ), and for νt < νL , atoms moving in the same direction as the beam (negative vx ) will absorb the light. Scanning the laser frequency across the transition gives a Gaussian shaped absorption profile, because the beam will successively interact with all velocity classes of atoms. An example of a Doppler broadened absorption spectrum is shown in figure 5. 3.2.3



Saturated Absorption Spectroscopy



When the laser is scanned through a transition set, the absorption of a weak probe beam by the vapour in the cell is Doppler broadened as described above. Saturated absorption eliminates Doppler broadening to uncover the hyperfine structure. To perform this, the setup required is shown in figure 6. The beamsplitter reflects a fraction of the laser light on each surface (≈ 4% at each reflection) so that we get two weak probe beams that are parallel and ≈3mm apart. The remaining high intensity pump beam is reflected by two mirrors and is aligned to counterpropagate one of the probe beams in the Rb cell. Since these
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intersecting beams are propagating in opposite directions, only a narrow velocity class of the atoms centred about v = 0 will interact with both pump and probe. Other velocity classes of atoms in the Rb cell will interact either with the probe beam or with the pump beam, depending on the laser detuning from the main transition and on the magnitude of the Doppler shift by the atoms’ velocity. The v = 0 class of atoms are “saturated” by the strong pump beam. This means that almost half the atoms are promoted to the excited state of the transition, so that the weak probe beam is less attenuated by the Rb vapour. In other words, there are less atoms in the ground state to absorb the probe light. In order to understand the process of saturated absorption, one should consider two different situations: 1. Laser frequency νL >> νt or νL << νt (i.e. frequencies far apart) and 2. Laser frequency νL = νt For case 1 consider the situation when νL < νt . The velocity class vx =   −c ννLt − 1 will partially absorb the pump (saturating) beam. These atoms ’see’ the frequency of the pump beam shifted up to their transition frequency.   The probe beam will be partially absorbed by the velocity class vx = c ννLt − 1 at the same time. Since these are completely independent velocity classes of



atoms, the pump beam does not affect the absorption of the probe beam at all in this case. In the second case (νL = νt ), both beams are absorbed by the same velocity class of atoms: by those centred about vx = 0. Since the pump beam is much stronger than the probe beam, there will be fewer atoms in ground state left to absorb the probe. Hence we get less absorption of the probe beam. When the Doppler profile of the unsaturated second probe beam is electronically subtracted from the signal obtained from the saturated probe beam using a second photodiode and a differential amplifier (figure 14) as schematically shown
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Figure 7: Rb-D2-Hyperfine Transitions. Unlabeled peaks are cross-overs. in figure 14, a Doppler-free trace of the hyperfine spectrum is obtained. This is shown for the rubidium D2 hyperfine transitions in figure 7. In order to get a good saturated absorption signal, it is essential to maximise probe-pump overlap in the Rb cell. As shown in figure 6, this can be achieved by reflecting the pump beam off a corner of a mirror that is almost touching the probe beam. However, especially with diode lasers, care must be taken to avoid directing the pump beam back into the laser cavity because feedback of this sort will ruin the spectral properties of the ECDL. 3.2.4



Crossover Peaks



Looking at the saturated absorption signals of figure 7, there are surprising features in each. Instead of the expected three peaks corresponding to the three hyperfine transitions there are six. Between each pair of hyperfine peaks there
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is a so called ’Crossover Peak’. (Compare figure 7, and for a schematic overview on the Rb energy levels compare figure 1 on page 6.) This occurs when there is more than one hyperfine transition within the Doppler profile and is due to the principles of saturated absorption spectroscopy: Assume that the laser frequency νL is tuned exactly half way between two hyperfine peaks with centre frequencies ν1 and ν2 . Both peaks correspond to transitions that share a common lower state (as is the case for all sets of Rb D2 hyperfine transitions). The pump beam will be Doppler shifted into resonance   at ν1 for atoms of the velocity class vx = −c ννL1 − 1 . The same velocity class will see the probe beam shifted into resonance at ν2 . So there will be less atoms



of this class in ground state to absorb the weak probe, and there will be less absorption. This leads to an additional absorption peak. Incidentally, it is worth noting that there is a symmetric counterpart to the crossover peak, the so called crossover “dip” (has not been observed in this work). Crossover “dips” occur between to transitions sharing a common upper state. Here, the strong saturation beam pumps atoms of a certain velocity class from lower state A into the (common) upper state, from where they decay into both lower states A and B. The very same velocity class of atoms now absorbs the probe beam shifted to the transition with ground state B. Here the population is increased by optical pumping resulting in an increased absorption of the probe beam. This causes a ’dip’ in the saturated absorption signal, in contrast to the peak in the common ground state case. As mentioned before, this case is not relevant for saturated absorption spectroscopy of Rb hyperfine transitions, because the transitions having a common upper state are under different, widely seperated Doppler profiles (figure 5). For a crossover interaction, these Doppler profiles would have to overlap so that there are significant populations in the velocity classes corresponding to frequencies half way between two transitions.
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DAVL-Locking, Setup



DAVLL is an acronym for Dichroic Atomic Vapour Laser Locking. It refers to the dichroic properties (different absorption for different polarizations) of the atomic vapour in an axial magnetic field. The DAVLL experiment was performed once the saturated absorption results confirmed that the ECDL was working correctly. The setup for this experiment is shown in figure 8, and it is more straight forward than for saturated absorption. A small fraction (≈ 4%) of the laser output intensity is reflected off a glass plate and directed through a rubidium vapour cell, that is positioned inside a large solenoid coil. The magnetic field generated by the coil is axial, meaning ~ is parallel or antiparallel to the wave vector ~k of the beam. For DAVLL, that B the laser light going through the rubidium cell must be linearly polarized, but the output of the ECDL is linearly polarized, so that no further polarizer is required. After the beam has passed through the cell, its polarization state is analysed for its circular components using a quarterwave plate and a linear polarizing beam splitter. The two output beams are each directed onto separate photodiodes, a difference signal is obtained (as discussed later) and fed to a servo locking circuitry that stabilises the frequency of the ECDL. The second rubidum cell shown in figure 8 and the CCD array video camera are used to conveniently detect the infrared fluorescence during initial tuning of the laser to transitions.



3.4



Circular Polarization Analyser



One of the most important parts in the DAVLL setup is the circular polarization analyser. As mentioned above, it consists of a quarterwave plate and a linear polarizing beamsplitter and gives two output signals. The intensity of the two outputs are proportional to the amount of left and right hand circular polarized components in the beam exiting the cell.
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Figure 8: DAVLL-Setup This can be understood as follows: The fast axis of the quarterwave plate is tilted by 45 degrees (π/4) with respect to the axes of the linear polarizing beamsplitter. First consider a perfectly linear polarized input beam. When the polarization of the light entering the analyser is parallel with either the fast or slow axis of the quarterwave plate, it is transmitted through it without a change in its polarization. So it impinges on the polarizing beamsplitter with a polarization angle of 45 degrees relative to both axes and we get equal amounts of output intensity. When the linear polarized input beam is tilted 45 degrees relative to the fast and slow axes of the quarterwave plate, a perfectly circular polarized beam will impinge on the linear polarizing beamsplitter. Again, we will get equal amounts of output intensity. So for linearly polarized light we always get equal intensity outputs, regardless of the polarisation orientation. Now consider a beam that is circular polarized. This will become linearly
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Figure 9: Circular Polarization Analyser polarized beam after passing through the quarterwave plate. The orientation of its polarization axis will depend on the handedness of the initial circular polarization, and will either be 45 degrees or -45 degrees relative to the fast axis of the quarterwave plate. This means that since the fast axis of the quarterwaveplate is at 45 degrees with respect to the axis of the linear polarizing beamsplitter, the linear components will each be aligned parallel to one of the two axis of the polarizing beamsplitter. So for circular polarised light, all the light exits one port or the other depending on whether the input is left or right hand circular. Thus the intensity of the left and right hand circular polarisation components is obtained from the appropriate output beam. In our case, we are interested in the difference in the intensity of each circular component.



3 EXPERIMENT



3.5



23



Origin of the Error-Signal



As shown in the previous section, the Zeeman effect splits up each hyperfine energy level into 2F + 1 components with mF -values from F to −F in integer steps, resolving the degeneracy. For optical transitions, we have the selection rule ∆mF = ±1, 0. Observed parallel to the magnetic field B0 , ∆mF = 1-transitions correspond to rightcircular polarized light, polarization σ+ . ∆mF = −1 corresponds to left-circular polarized light with σ− in the same situation. Observed in a direction perpendicular to B0 , light of these transitions appears to be linear polarized. The names σ+ and σ− originate from this feature. σ stands for perpendicular (German “senkrecht”) + and − signs stand for an increase or a decrease of the frequency. Light of transitions with ∆mF = 0 is called the π component. Its electric field ~ oscillates in a plane perpendicular to the orientation of the axial magvector E ~ 0. netic field B The effect of the Zeeman shift on the absorption for different circular polarizations is shown in figure 10. We get a Doppler absorption curve that is shiftet to higher frequencies for σ+ components and a similar Doppler absorption curve that is shifted to lower frequencies for σ− components. Compared to the original Doppler absorption feature without an applied axial magnetic field, these shifted curves do not quite retain their shape, since the shift of each nondegenerate transition in the external magnetic field depends on the individual gF factors in the expression for the Zeeman shifted energy difference ∆Etotal = ∆E 0 − ∆E = µB B0 (gF0 m0F − gF mF ). (Explained in section 2.6.) However, for the purpose of modelling, the assumption of a symmetrical shift of the original Doppler profile is a reasonable approximation (as will be seen in section 3.6). By subtracting the two shifted absorption signals obtained from the photodiodes in the circular polarization analyser, a dispersion shaped error signal shown
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in figure 10 (b) is obtained. This antisymmetric signal is later used to frequency stabilize the laser. The range of ≈ ±250M Hz about the centre frequency of the unshifted Doppler profile (where the difference signal is increasing almost linearly) is the so called “locking-slope”.
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The Error-Signal in (b) is obtained by subtracting the Zeeman shifted Doppler profiles in (a).
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Figure 10: Origin of the Error-Signal



3.6



The Error-Signal in Experiment and Model



An essential part of the DAVLL setup is the axial magnetic field that is applied to the rubidium cell since this leads to the dichroism. The actual shape of the error signal is not quite as that shown in figure 10. The transitions used to generate a DAVLL signal in this work were the Doppler broadened profiles of and
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Rb F=2→



Rb F=3→ ground states. (Compare figure 5 on page 15.)



For different magnetic field strengths in the range of ≈50 to ≈300 Gauss, the
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Figure 11: B-Dependence of shape of Error-Signal locking slope does not change very much at all. Any field in this range gives an error signal suitable for DAVL locking. With increasing strength of the field, the locking range gets wider. However, for high B-values (> 200Gauss) the locking slope worsenes and loses its linearity as the Doppler peaks get shifted too far apart. Measurements of the magnetic field strength were taken with a Hall Magnetometer positioned at one end of the field coil. Assuming a long solenoid coil, the field in the center is approximately twice the magnitude as at the ends. As can be seen in diagram 11, a magnetic field strength of B ≈ 100 Gauss is fine and can be conveniently generated with a coil or with a stack of permanent magnets. It was described in section 2.6 that the slopes of the differences between the Zeeman shifted energies of upper and lower levels of the Rb D2 hyperfine transitions vs. the strength of the magnetic field vary due to different values for gF . An
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Figure 12: B-Dependence of shape of Error-Signal (Computer Model) example with a slope of 1.4MHz/Gauss was shown in figure 3. For a simplified model, this example can be regarded as being typical, because the “stretched” states with “extreme” values of mF and with slopes comparable to this example are preferred for two reasons. First, transition probabilities (Clebsch-GordanCoefficients) favour population in these states and second, circular polarized light causes optical pumping, depopulating the states with low mF -values. A simplified computer model of the error signal generated by two Doppler broadened sets of Zeeman shifted hyperfine transitions (assuming an identical Zeeman shift of ±1MHz/Gauss for all σ± transitions) is shown in figure 12. The shapes obtained in the experiment are reproduced in the model, so that the assumption of an identical Zeeman shift for all hyperfine transitions is reasonable in this case. We get comparable shapes for B = 450 Gauss in model and experiment, but the steepest slope is reached at 250 Gauss in the model, compared with approximately 100 Gauss in the experiment. A theoretical model which
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includes the full hyperfine behaviour would probably lead to a better match, but this would be of little practical significance.



3.7



Electronic Feedback Frequency Locking



Using the antisymmetric error-signal obtained as described in the section above, it is straight forward to stabilize the ECDL output to a precise frequency. The output voltage of the differential amplifier (Appendix A.1) increases (almost) linearly with the frequency over the locking slope. Typically, 3.5V gives a 500MHz tuning range. The Servolock Circuit (figure 13) compares the output voltage of the differential amplifier with a DC voltage (the set or lock point voltage) that can be adjusted and used to tune the laser frequency. Assuming the offset voltage is set to the middle of the locking slope (at 0V), the circuit will produce an output (error) signal to keep the input voltage at the same level thus holding the laser frequency at a fixed point. This is achieved by adding the error signal to the voltage driving the piezo element.
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Figure 13: Servolock Circuit [5]
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If a perturbation shifts the laser frequency below the lock point, the comparator will give a negative voltage that is fed into the integrator. The output voltage of the integrator circuit is given by Vout



1 =− RC



Z



Vin dt



(27)



where R is the input resistor and C the feedback capacitor. For the negative input signal, the integrator’s output signal rises steadily (integration over time). A rising output signal, amplified by the output stage of the servo lock circuit and added to the voltage driving the piezo, sweeps the laser frequency back to the lock point. As the laser frequency approaches the lock point, the comparator signal reaches zero. The integrator now maintains the output voltage level reached in this feedback cycle so that the laser frequency remains constant, until another perturbation is detected.



3.8



Procedure to lock the laser



First, the initial settings of the locking circuit should be: OUTPUT GAIN turned to zero (GND). This means the servo loop is open. A ramp voltage from a function generator is applied to the RAMP IN input. By adjusting the RAMP GAIN and OUTPUT OFFSET, the characteristic differential signals associated with the transitions can be found. Turning down the ramp gain, it is possible to “zoom” to a point on the slope: the laser lock point. For early attemps at locking it makes sense to choose the lock point at the centre of the lock slope i.e. at 0V. Second, the locking process: Now ERROR SIGNAL MONITOR (the output of the integrator) is monitored with a voltmeter while SET POINT is adjusted. The SET POINT is adjusted so as to make the monitor voltage as close as possible to zero voltage. This means the set point voltage is as close as possible to the lock point voltage. Now the OUTPUT GAIN is slowly turned up. This closes the the feedback loop and the laser will lock to the setpoint. The error signal can be monitored as it keeps the laser frequency constant. It changes in response to
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environmental changes, and as we tune the laser frequency up and down using the SET POINT. If the OUTPUT GAIN is set too high, then feedback oscillations will start, so turn it down a little. If the ERROR SIGNAL MONITOR and the input from the differential amplifier show that the integrator has ramped to one of its extremes, it is very likely that the LOCK SLOPE INVERT switch has to be flipped, and the locking procedure repeated. To improve the dynamic range of the circuit, the integrator output can be adjusted to be near 0V (the middle of its range) by adjusting the piezo driver offset voltage while the laser is locked. This may become necessary when the laser frequency changes due to long-term temperature drift and the correcting output voltage has to be increased steadily by the circuit in order to make up for that. If the laser jumps off locking because of a perturbation which is beyond the range of the lock slope (e.g. somebody strikes the optical table or a mode hop occurs), the servolock circuit “gets stuck” in one extreme of the integrator range and cannot recover, because it finds a (wrong) negative lock slope. In this case, the servolock circuit can be reset by closing RESET LOCK to reset the integrator. If the integrator runs out of range because of slow drifts, the piezo offset voltage will have to be adjusted before resetting the servolock circuit. When the laser is in lock, there still may be variations of the laser frequency. These are due to high speed perturbations which exceed the finite responce time of the feedback circuit. The responce time for the piezo element is ≈0.1ms, so it can compensate for low frequency perturbations of less than approximately 1kHz 1 of the frequency corresponding to the responce time). ( 10



3.9



Comparison with conventional Side-Locking Method



The advantage of DAVL locking over more conventional side locking techniques is the large tuning range of approximately 500MHz. This is limited by the width of
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the Zeeman shifted Doppler curves which have a FWHM of approximately 500800MHz. In other words, a tuning range of more than a whole set of hyperfine transitions. Locking to the side of a hyperfine peak gives a tuning range of only a few MHz. Also, the servo loop can recover from perturbations in the order of 250MHz, which is an order of magnitude larger than for side locking. The locking setup can easily cope with inevitable perturbation events like slamming doors and impacts on the optical table. To achieve this performance, one must compromise by having a poorer knowledge of the absolute laser frequency. In the case of peak locking to a hyperfine transition, this is well known. Short term frequency stability with only piezo controlled grating-feedback locking has been evaluated by measuring the amplitude of the noise on the output of the differential amplifiers connected to the photodiodes. By knowing the locking slope one can obtain a measure of the linewidth. Measured with a standard digital voltmeter which has a bandwidth of ≈1kHz, an AC noise voltage of 40-60mV was found on the differential amplifier output. Having a locking slope of 145MHz/V, we get a noise amplitude of ≈15MHz. This means that the spectrally narrowed laser output frequency still moves around in a range of about 30MHz. For the BEC experiment this is not quite good enough. However, with a combined grating and laser diode injection current feedback circuit it should be possible to reach a frequency stability of 1MHz. Long term frequency stability is limited by the temperature stabilisation of the ECDL itself. This causes a constant drift in cavity modes that tends to throw the laser off lock. Normally, the laser can stay in frequency locked operation for little more than 10 minutes at a time, but better temperature stabilisation will easily solve this problem.
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Future Work



The work done so far could be continued in a number of ways. Some key points will be described in this section. First, it is desirable to implement a locking feedback onto the laser diode injection current in order to increase the speed of the servo loop. With the grating locking feedback only, it is impossible to compensate for high frequency fluctuations in excess of 1kHz. Second, the somewhat unpractical large magnetic field coil could be replaced by a stack of permanent magnetic disks. These disks have a hole in the middle so that the rubidium cell can sit inside an evenly spaced stack of them. The field created by these permanent magnets will not be nearly as homogeneous as that of the selenoid field coil, but very high quality and strength of the axial magnetic field are not required to produce a suitable locking signal. With this done, the method described in this report will be fit to be implemented in for example the BEC experiment, replacing the conventional locking method employed so far. As mentioned in section 3.6, a theoretical aspect of this project that could be investigated further is the precise shape of the Zeeman shifted and Doppler broadened set of hyperfine transitions used to generate the antisymmetric DAVLL signal.
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Appendix



A.1



Differential Amplifier



A brief description of the differential amplifier in figure 14. TL074/1 and TL074/2 are preamplifiers for the signal from the photodiodes. TL074/3 takes the difference between these two signals and has an amplification of unity. With the 100k OFFSET potentiometer, the DC level of the difference can be changed. TL074/4 is a simple output amplifier with a gain of 0 to 10, adjusted by the OVERALL GAIN potentiometer. It is advisable to provide two monitor connections for the preamplified photo diode signals at the output pins of TL074/1 and TL074/2. To minimize interference, there should be a 10k resistor in the monitor lines. 1M
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Figure 14: Differential Amplifier for two Photodiodes
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Servolock Circuit



A brief description of the servolock circuit in figure 13. Input signal for the servolock circuit is the output signal of figure 14, the differential amplifier. TL074/1 is an operational amplifier with amplification of ±1. By flipping the LOCK SLOPE INVERT switch, positive or negative lock slopes can be selected. Potentiometer SET-POINT selects the desired point on the locking slope. When the laser lock is operating, the laser frequency can be shifted over 500MHz using this potentiometer. It is advisable to use a ten turn high quality potentiometer in this place. TL074/2 is set up in an integrator configuration. RESET LOCK discharges the integrator capacitor, instantaneously adjusting output to 0V. OUTPUT GAIN changes the overall gain in the locking circuit. Using OUTPUT GAIN and RAMP GAIN, the circuit can be “switched” between pure ramp driven piezo operation and active locking feedback (compare section 3.8 on page 28). A ramp signal fed in into RAMP IN can be modified by adjusting RAMP GAIN and OUTPUT OFFSET. The last operational amplifier TL074/3 is the inverting output stage, feeding its signal PIEZO OUT into the piezo driver, where it is added to the piezo offset voltage. ERROR SIGNAL OUT monitors the output signal of the integrator during active locking operation. To monitor the value of the SET-POINT whilst the circuit is not in lock, a multimeter measuring voltage against GND can be attached directly to the inverting input of TL074/2.
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Laser Diode



In this project, a Sharp Laser Diode, Type LT024MD0 was used. • Type: SHARP LT024MD0, November 1997, KA44 648 • Ith =38.5mA Threshold current • Iop =70.5mA maximum safe operation current • λp =784nm Peak output wavelength • 0.22nm/◦ C temperature tuning • Tc =25◦ C nominal temperature • Po =20mW operational power output • η=0.63 mW/mA • θ1 = 29.9◦ • θ2 = 11.5◦ (uncollimated output beam divergences)
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