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Abstract

:

We report the frequency stabilization of an external cavity diode laser (ECDL) to a reference molecular iodine (I2) transition at 13,531.18 cm−1 (739.03382 nm). Using the Modulation Transfer Spectroscopy (MTS) method for the highly sensitive detection of weak absorption signals, the Doppler-free absorption peaks of I2 corresponding to the hot band transition R(78) (1–11) are resolved. The ECDL’s frequency is stabilized with respect to one of the lines lying within the reference absorption band. For this, the iodine vapor cell is heated to 450 °C and the corresponding circularly polarized pump and probe beam powers are maintained at 10 mW and 1 mW, respectively, to avoid power broadening. The short (100 ms) and long-term (50 h) linewidths of the frequency stabilized laser are measured to be 0.75(3) MHz and 0.5(2) MHz, respectively, whereas the natural linewidth of the specific I2-transitions lie within a range of tens of MHz.
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1. Introduction


The frequency stabilization of lasers is a pre-requisite to perform any laser spectroscopy measurements and the requirements become stringent for precision spectroscopy-based experiments, such as, for example, the development of optical clocks, quantum computation, exploring fundamental physics, etc. [1,2,3,4,5,6]. Significant advancement has indeed been achieved in this field, and at present, several simple to set up and state-of-the-art complex techniques for stabilizing a laser’s frequency are attainable. One commonly used technique is based on frequency referencing with respect to a Doppler-free absorption peak, which is an atomic reference, obtained through Saturated Absorption Spectroscopy (SAS) of an atomic or molecular transition [7,8,9]. Another widespread technique is frequency locking to a Fabry–Perot cavity [10,11,12] by virtue of the Pound–Drever–Hall (PDH) frequency stabilization method [13,14]. This is further modified to suit the transfer cavity technique, which allows the simultaneous stabilization of multiple laser frequencies [15,16,17,18]. Software-based locking is also another ready-to-use approach that is in use in various experiments [19,20,21]. Furthermore, optical frequency combs provide accurate references, which are widely used for simultaneous and long-term locking of multiple laser frequencies. The choice of a locking technique depends on experimental demand. For example, the probing of an optical clock transition demands relative frequency instabilities of 10    − 15    or better whereas the laser cooling of atoms can be performed with ≤10    − 10    fractional frequency instability. The present work describes the frequency stabilization of an external cavity diode laser (ECDL) operating at 739.05 nm using SAS of molecular iodine (I2) transitions and characterizes the stability of the laser frequency. Additionally, the effects of varying cell temperature and laser intensity on the amplitude of Doppler-free peaks have been investigated.



In recent years, there has been extensive advancement in research works on building quantum computers/simulators, clocks and sensors. Of the many ionic candidates, Ytterbium ion (Yb+) is in prime focus, and its isotopes Yb171, Yb172 and Yb174 are used for the accomplishment of frequency metrology, quantum information processing, quantum computation and simulation [1,22,23]. For the successful realization of all such experiments, minimizing the inherent motion of the trapped Yb+ is an indispensable step that is achieved by probing its cooling transition 2S    1 / 2   →   2  P    1 / 2    at 369.526 nm. To ensure good repeatability of the measurands and good statistical analysis, stabilizing the cooling laser is vital. The cooling wavelength at 369.526 nm is produced by generating the second harmonic of a laser with a fundamental wavelength of 739.052 nm. The iodine spectrum consists of an absorption line at 405,654 GHz corresponding to 739.033 nm, which is 10 GHz away from 739.052 nm. In our article, the studied range of wavelength 739.03–739.06 nm is within the vicinity of this wavelength. The iodine molecule, therefore, serves as a convenient frequency reference for stabilizing the diode laser. Therefore, the described iodine-SAS-based laser frequency stabilization technique, while using a frequency-doubled light to generate lasing at the desired 369.526 nm wavelength, which is typically, if not always, the scenario, can be widely used for any Yb+-based experiment. The presented set-up is reasonably compact and easy to construct and is tested to be robust. Therefore, this simple setup together with extracted spectroscopic information of the iodine lines within the 739.03–739.06 nm wavelength can be of advantage for many users experimenting on Yb+. Additional lasers used in the trapped Yb+ research for photoionization and repump purposes can also be simultaneously locked to the iodine-stabilised laser using various techniques, thus rendering a concise optical setup.




2. Iodine Spectra


I2 is one of the most commonly used species for reference absorption lines over the wavelength range 514 nm (19,455 cm−1) to 892 nm (11,211 cm−1) and have been extensively studied by various groups [24,25,26,27,28,29,30]. It has closely spaced transitions ranging from visible to near-infrared wavelengths [30,31]. Figure 1 shows the absorption lines over a frequency range of ≈15 GHz starting from ≈ 405,640.22 GHz, i.e., ≈739.06 nm or ≈13,532 cm−1.



The stabilization of a laser’s output frequency to a desired reference frequency requires a feedback control that is directly related to the offset of the operating frequency with respect to the reference frequency. The feedback control signal is commonly known as the error signal as it is related to the detuning or offset of the laser frequency from its desired operational frequency. The feedback control signal or the error signal is connected to the laser controller for introducing the desired frequency corrections when required. In the present study, the transition frequency of molecular iodine has been used as the reference frequency. The resonance lines of iodine around 739.05 nm are a result of a hot band transition R(78) (1–11). Since this transition results due to excitation from a non-ground vibrational level to further higher energy levels, it is therefore necessary to heat the iodine cell to about 450 °C to sufficiently populate the desired higher vibrational level to achieve appreciable signal strength [32,33]. To perform Doppler-free spectroscopy, a counterpropagating pair of laser beams, one more intense (pump beam) than the other (probe beam) but of the same frequency, are allowed to interact with the molecules of the vapor cell while being swept over a frequency range. Both probe and pump beams interact with the gas molecules over a certain velocity range. The overlap between these two velocity ranges gives a subset of molecules that interact with both beams. The pump beam, being more intense, excites a greater population of these molecules, leaving them unavailable for the probe beam to interact with. The Doppler-broadened absorption signal, therefore, encounters Doppler-free dips corresponding to this velocity class range. Thus, instead of locking a laser’s frequency to an absorption spectrum of some hundreds of MHz, it can be stabilized with respect to that of a few tens of MHz. As the Doppler-free signals that we are trying to detect are a result of temperature-dependent transition, the resulting signal is weak. We therefore perform Modulation Transfer Spectroscopy (MTS) for their effective detection, which gives a derivative of SAS with a usable signal-to-noise (S/N) ratio [34,35,36,37] and the resulting error signals’ zero crossings are centered on the corresponding maximum absorption. In this method, the frequency of the pump beam is modulated using an acousto-optical modulator (AOM), whereas that of the probe remains unmodulated. The work of J. J. Snyder et al. explains the interaction of the probe and frequency modulated pump beam by considering saturation spectroscopy as a nearly degenerate four-wave mixing process [38]. If  ω  is the laser/probe frequency and  Δ  and  δ  be the AOM’s operating frequency and the low frequency at which the pump beam is modulated, respectively, Doppler-free resonance is achieved when


    ω   =     ω ∘  −  Δ 2  ±   3 δ  2  .     



(1)







Thus, the pump beam’s interaction with vaporized I2 in the cell transfers the frequency-modulated sidebands to the counter-propagating probe beam [34]. At this laser frequency, the signal generated from four-wave mixing is  ω  ±   2 δ  . Hence, the phase-sensitive detection of the probe beam results in the Doppler-free features of the transition lines [39,40]. For the demodulation of the signal, a lock-in amplifier is used.




3. Experimental Setup


In this section, the arrangements and equipment used for carrying out the experiment and optimizing the desired signal are discussed. The iodine cell (from Precision Glassblowing, Colorado, United States)used in the experiment has a path length of 30 cm, a clear diameter of 25 mm with fused silica Brewster’s angle windows and a 15 cm long cold finger towards one end of the cell. To ensure uniform heating, the iodine cell is wrapped with a fiberglass-insulated heat tape followed by numerous layers of aluminium foil and glass wool and kept inside an aluminium container. The cell temperature is carefully increased so as to avoid any sudden expansion or contraction. The entire I2 oven is stored inside a multi-layer heat shield so that its outer part remains at room temperature even if the cell is at ≈700 °C. In this arrangement, the cold finger stays outside at room temperature. To keep a trail of the cell temperature, a pair of J-type thermocouples connected to a digital thermometer are kept in contact with either end of the cell. The cold finger is kept at room temperature so that, due to the huge difference in temperatures of the cell and the finger, the pressure difference results in pushing some iodine molecules towards the cold finger where they eventually crystallize. This narrows down collisional probability between molecules and hence reduces pressure broadening. A copper mesh is wrapped around the cold finger to conduct heat away from the surroundings. The iodine vapor pressure at room temperature can be controlled through the cold finger but for producing high vapor pressure, the iodine cell is heated to a higher temperature (up to 700 °C).



A schematic of the experimental setup for achieving SAS of iodine molecules is demonstrated in Figure 2. The frequency doubled laser system (TA-SHG Pro, Toptica, Munich, Germany) with 739.05 nm as its fundamental wavelength has three outputs. Of these, the 3 mW fundamental output is used for monitoring the laser’s wavelength using a commercial wavelength meter (WS7, High Finesse). The second fundamental output of power 30 mW is used for the SAS experiment and is split into probe (reflected part) and pump (transmitted part) beams using a polarizing beam splitter (PBS), as shown in Figure 2. A half waveplate after the PBS allows us to adjust the power distribution between the probe and pump beams. The probe beam entering the iodine cell is circularly polarized and the pump beam is passed through an AOM (R46080-1-LTD, Gooch & Housego, Ilminster, England) arranged in a double-pass configuration [41] and is operated at 80 MHz. This is used for frequency modulation of the pump beam as well as for fine-tuning its frequency in locked conditions. On passing twice the quarter waveplate placed behind AOM, the polarization of the pump beam changes and so while retracing back the path to PBS, it now gets reflected. The reflected pump beam is again passed through a combination of PBS and a quarter waveplate, it thus enters the iodine cell as a circularly polarized beam. The double-pass configuration exterminates the requirement of re-aligning the optics on varying operating frequencies of the AOM. As required by the MTS technique, the pump beam is frequency modulated at 60 kHz by feeding a sinusoidal wave to the home-made AOM driver [15]. The modulation frequency is chosen such that the error signal is obtained with a good S/N ratio. The power of the pump and probe beams are kept at a ratio of 10:1 and finally sent into the cell in a nearly counter-propagating direction with maximum relative overlapping.



The S/N opted from an SAS experiment depends on the efficient overlapping of the probe and pump beams; otherwise, the depletion of particular velocity-class atoms caused by the pump beam will not influence the absorption of the probe beam. To maximize the interaction between the laser and the iodine molecules and better overlapping, we initially attempted experimenting with collimated pump and probe beams of larger diameter inside the iodine cell (for example, beam diameter = 15 mm, pump beam power = 10 mW, pump beam intensity = 5.6 mW/cm2) for the spectroscopy. This, however, proved to be ineffective as a larger beam diameter results in lower laser intensity; hence, the pump beam may not have an intensity high enough to saturate the iodine molecules. To have a lesser beam waist and hence higher intensities, we focused down the counter-propagating beams into the cell using two bi-convex lenses of focal length 500 mm. The probe beam after passing through the cell is focused onto a fast photodiode (APD430A/M, Thorlabs, New Jersey, United States) for signal detection. For signal demodulation, we use a Digital laser locking module (DigiLock 110, Toptica, Munich, Germany) to which the photodiode signal is fed and the error signal is obtained. The laser controller is used for scanning the output frequency of the laser.




4. Results and Discussions


In this section, we discuss the relevant outcomes of the experiment.



4.1. SAS Signal


The output of the laser was scanned over a frequency range of ≈1 GHz from 739.0332 nm to 739.0349 nm to probe the R(78) (1–11) lines containing 15 components a1 to a15. Figure 3a shows the experimentally obtained Doppler-broadened signal in the absence of the pump beam and the SAS signal. For any comparison with the theoretically estimated signals, we used the program IodineSpec5 [42], which was developed by H. Kn  o ¨  ckel and E. Tiemann and based on iodine atlas [26,27,28,29,33,43,44,45,46,47,48]. The theoretically estimated Doppler-broadened signal at 450 °C has a full width at half maximum (FWHM) of ≈856 MHz and that obtained from our experiment is 903(3) MHz. Figure 3b depicts the hyperfine transitions as obtained from IodineSpec5 for the same wavelength range. For a better identification of the Doppler-free spectra and comparison with the theoretically estimated lines, the experimental Doppler-broadened signal was subtracted from the Doppler-free spectra, and the same is illustrated in Figure 3b. The analysis of the obtained spectra shows a total of six Doppler-free features of R(78) (1–11) line as labeled in the figure; their measured transition frequencies and FWHM are given in Table 1 and compared with those obtained from IodineSpec5. Additionally, all the observed peaks are in perfect alignment with their corresponding first derivatives in the lock signal. The experimental signals were obtained with 1 mW probe power and 10 mW pump power. As can be seen from the error signals in Figure 3b, the Doppler-free spectra 1, 4 and 6 are clearly distinct whereas spectra 2, 3 and 5 are results of not properly resolved four, four and three hyperfine peaks, respectively. The hyperfine lines for feature 3 are almost resolved, and three and two of them are resolved for peaks 2 and 5, respectively. The output of the diode laser can preferably be locked to any of the resolved peaks 1, 4 or 6 having an FWHM of 23(3) MHz, 21(2) MHz and 23(4) MHz, respectively, as compared to hundreds of MHz of a Doppler-broadened signal.



The intensity distribution pattern of the Doppler-free profile ignoring any inhomogenous broadening is of the form


     I F    =    A  I  I +  I s       γ ∘  2   1 +    ( ω −  ω ∘  )  2       γ ∘  2   2   ( 1 +  s ∘  )      ,     



(2)




where A is a constant proportional to   ρ d  , which is the difference in population in the excited and ground states, I is the beam intensity,   I s   is the saturation intensity and   ω ∘   is the resonant frequency [49]. At higher temperatures, more molecules are prepared in the excited state, meaning an increase in   ρ d  , and hence an increase in   I F  . A look at Equation (2) also implies that increased laser intensity will result in increased Doppler-free signal intensity. To analyze the same, we studied the effect of iodine cell temperature and pump beam intensity on the amplitude of the Doppler-free spectra and presented the variation in Figure 4. Keeping the pump and probe power fixed to 10 mW and 1 mW, respectively, the cell temperature was varied from 264 °C to 560 °C and the corresponding variation in amplitude of Doppler-free spectrum 4 was noted. On changing the cell temperature, measurements were recorded only after ensuring that thermal equilibrium has reached. The cell is not heated beyond 600 °C to avoid any damage. As is apparent from Figure 4a, the peak amplitude increases with the rise in temperature, which is obvious as increased temperature heavily populates the desired state with more iodine molecules. It is also quite clear from Figure 4a that at temperatures below 243 °C, the amplitude of the peaks is not high enough for them to be well resolved. Furthermore, keeping probe power fixed at 1 mW and cell temperature at 450 °C, the pump power is varied and the corresponding observation is shown in Figure 4b from which we infer that the peak amplitude of the Doppler-free feature increases with an increase in pump beam power. This occurs because increased pump power implies increased intensity within the Rayleigh range, and hence, better interaction with the iodine molecules within that spatial range. If   γ s   and   I s   are the light scattered from the population in the excited state and saturation intensity of the corresponding signal, respectively, then we have,


     γ s    =      γ ∘  2   I  I +  I s    ,     



(3)




where   γ ∘   and I are natural linewidth of the transition and pump beam intensity, respectively [50]. The solid line in Figure 4b is the fitted plot obtained using Equation (3) which gives   I s   = 19(2) W/cm2.




4.2. Laser Stabilization


The main objective behind studying the I2 SAS was the frequency stabilization of a diode laser with respect to one of the Doppler-free spectra and we chose feature 4, as shown in Figure 3 or component a10 for this purpose. The frequency scan range was first reduced across a10. For locking the laser with respect to the peak of the spectra, an error signal was required. The pump signal was therefore modulated with a sine wave of frequency 60 kHz and amplitude 1.9 V. The probe beam interacted with the frequency-modulated pump and the resulting signal on the photodiode was fed to the lock-in-amplifier where a mixer multiplied the carrier signal with a reference signal of the same frequency. The resultant was the error signal, which was further passed through a low pass filter of cutoff at 60 kHz. The phase difference between the reference and modulated signal in the lock-in amplifier was optimized to achieve an optimum error signal for tight locking. A proportional-integral-derivative (PID) controller with an input of the error signal generates a feedback signal, which was fed to the piezo driver of the laser for its active stabilization. In order to study the long-term instabilities in the locked frequency, data corresponding to laser stabilized over 50 h was collected and its histogram was obtained as represented in Figure 5. From the histogram, we found that the long-term linewidth of the laser was 0.5(2) MHz with a drift of 0.028(7) kHz/h.




4.3. Noise Density Profile


To measure the short-term stability of the frequency-stabilized laser, we obtained the Fast Fourier Transform (FFT) signal of the locked error signal corresponding to the Doppler-free peak no. 4. The data was collected using a spectrum analyzer (Model No. FSV 40, Rohde & Schwarz, Munich, Germany) and the voltage spectral density of the noise was acquired as presented in Figure 6. An analysis of the noise spectrum using rectangular noise spectrum approximation [51] gives information on laser linewidth as well as its short-term stability. The area under the curve shown in Figure 6 was integrated to evaluate the Root Mean Square Voltage, Vrms for the shown locked error signal on eliminating Vrms of the noise floor of the spectrum analyzer. The integrated Vrms for the SAS-generated error signal was found to be 0.0125(4) V, implying a short-term linewidth of 0.75(3) MHz of the 739 nm laser. The noise density was measured to be 1.8 μV/  Hz   @ 4 kHz which is the sole contribution of frequency noise of the fundamental frequency of the laser diode.





5. Conclusions


We stabilized an ECDL laser at its fundamental wavelength, and hence, its frequency doubled output to the peak of a hyperfine transition of an iodine molecule. The hyperfine transitions of molecular iodine around 739 nm within a frequency span of 1 GHz were observed by performing Modulation Transfer Spectroscopy. A total of six Doppler-free features were found to be centered at 739.03321 nm, 739.03352 nm, 739.03382 nm, 739.03416 nm, 739.03448 nm and 739.03454 nm. The intensities of the peaks were found to increase with increasing pump beam power as well as with cell temperature. Using the SAS-generated error signal from the lock-in amplifier as the feedback signal to the laser’s piezo controller, the laser was locked on the a10 component of R(78) (1–11) transition corresponding to 739.03382 nm. Its short-term and long-term linewidths were measured to be 0.75(3) MHz and 0.5(2) MHz, respectively. The locked laser was checked for a period of over 50 h and was found to be stable even under external perturbations. Its noise density was measured to be 1.8 μV/  Hz   @ 4 kHz. The obtained results show that the MTS-based locking on the molecular transition of iodine is an excellent technique to achieve very good long and short-term stability of the laser frequency, thus making it suitable for precision and quantum measurements.
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Figure 1. Absorption spectra of transitions of molecular iodine from 739.06 nm (405,640 GHz) to 739.03 nm (405,655 GHz) at 450 °C. 
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Figure 2. Representation of the experimental set-up along with the relevant optics and electronics for carrying SAS of iodine molecules and using its absorption line as a reference frequency to lock 739 nm laser. Here, M: mirror, D: D-Mirror L: convex lens, L′: concave lens, f: focal length of the lens in mm, PBS: polarizing beam splitter,  λ /2: half waveplate,  λ /4: quarter waveplate, VCO:Voltage controlled oscillator, LPF: Low pass filter, BB: Beam blocker and AOM: acousto-optic modulator. 
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Figure 3. (a) Experimentally obtained Doppler-broadened absorption spectrum (red) and Doppler-free absorption peaks (magenta) of molecular iodine; (b) positions of transitions obtained from IodineSpec5 (blue) and from SAS experiment (magenta) and their corresponding error signals (green) for a wavelength scan from 739.0332 nm to 739.0349 nm with vapor cell heated to 450 °C. A total of six Doppler-free peaks are observed, which are labeled as 1–6; almost all of them are resolved. The abscissa of the graph depicts laser frequency relative to the transition frequency of a10 (405,654,584 MHz), i.e., 739.03382 nm. 
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Figure 4. Variation of amplitude of Doppler-free peak labeled 4 with increasing (a) cell temperature and (b) pump beam intensity, along with the fits. 
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Figure 5. (a) Frequency drift of the fundamental frequency of the ECDL when locked to SAS peak no. 4 over 50 h and (b) the corresponding histogram with the Gaussian fit for linewidth determination. 
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Figure 6. Voltage spectral density of noise floor of the spectrum analyzer (green), error signal when locked to the maximum of SAS peak of molecular iodine (blue). 
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Table 1. Details of the transitions observed in R(78) (1–11) line of molecular iodine.
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	Peak
	Component of

R(78) (1–11)
	Frequency (MHz)

(from IodineSpec5)

(Offset = +405,654,000 MHz)
	Frequency (MHz)

(from Experiment)

(Offset = +405,654,000 MHz)
	FWHM (MHz)

(from IodineSpec5)
	FWHM (MHz)

(from Experiment)





	1
	a1
	74
	189(60)
	15(2)
	23(3)



	2
	a2–a5
	368
	218(60)
	25(4)
	35(4)



	3
	a6–a9
	516
	396(60)
	31(5)
	40(6)



	4
	a10
	662
	584(60)
	15(2)
	21(2)



	5
	a11–a14
	811
	749(60)
	26(4)
	39(5)



	6
	a15
	957
	923(60)
	15(3)
	23(4)
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