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Abstract

Electromagnetically induced transparency (EIT) in 39K and 41K was probed using electro-optic 

frequency combs generated by applying chirped waveforms to a phase modulator. The carrier tone 

of the frequency comb served as the pump beam and induced the necessary optical cycling. Comb 

tooth spacings as narrow as 20 kHz were used to probe potassium in both buffer gas and evacuated 

cells at elevated temperatures. Atomic absorption features as narrow as 33(5) kHz were observed 

allowing for the 39K lower state hyperfine splitting to be optically measured with a fit uncertainty 

of 2 kHz. Due to the ultranarrow width of the EIT features, long-lived optical free induction 

decays were also observed which allowed for background-free detection.

Due to their flexibility, agility, and low phase noise electro-optic frequency combs [1–3] 

have seen widespread adoption for numerous applications including measurements of atomic 

(e.g., [4–6]) and molecular transitions (e.g., [7–9]), astronomical calibrations [10], and for 

frequency metrology [11]. As their comb tooth spacing is controlled via the driving 

radiofrequency waveform, rather than a physical length dimension as for mode-locked 

lasers, combs with ultranarrow tooth spacings (≪1 MHz) can readily be produced. These 

combs are ideal for multiplexed spectroscopy of narrow atomic resonances such as 

electromagnetically induced transparency (EIT) [12, 13] which can be orders of magnitude 

more narrow than even the natural linewidth of the given atomic system. Here we use 

electro-optic frequency combs with tooth spacings as small as 20 kHz to probe EIT features 

in the D1 line of 39K and 41K using evacuated and buffer gas cells. EIT features as narrow as 

33 kHz are observed, well below the potassium natural linewidth of 6.0 MHz [14].

A schematic of the instrument can be found in Fig. 1. An electro-optic frequency comb was 

generated by applying a frequency-chirped, repeating waveform to an electro-optic phase 

modulator [5]. The resulting frequency comb had a tooth spacing given by the inverse of the 

waveform repetition rate and a span given by twice the chirp range. The probe laser was an 

external-cavity diode laser with a tuning range of 745 nm to 785 nm which was tuned near 
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the D1 39K hyperfine transitions at 770.1 nm. The laser linewidth was given by the 

manufacturer as 15 kHz in 10 ms. We employed a self-heterodyne configuration [4, 5, 15] in 

which the heterodyne signal between this electro-optic frequency comb and the external-

cavity diode laser from which it originated was monitored on a fast photodiode. An acousto-

optic modulator (AOM) was driven at 384.22 MHz in order to shift the heterodyne 

frequencies away from DC and to ensure that positive and negative phase modulator 

sidebands occurred at unique radiofrequencies. The AOM drive frequency was phase-locked 

to an external frequency reference in order to enable coherent time-domain averaging [8]. 

The laser wavelength was stabilized using a low bandwidth (varied from 1 Hz to 100 Hz) 

proportional-integral-derivative servo in conjunction with a commercial wavelength meter 

having 0.5 MHz optimal resolution.

Two separate cylindrical potassium cells with uncoated walls were used for these 

measurements. The first cell was 7.5 cm in length with a diameter of 25.4 cm and contained 

potassium metal as well as 2.67 kPa of argon buffer gas. The second cell was 46 cm in 

length with a 1.27 cm diameter containing potassium metal with no buffer gas (i.e., 

evacuated). For a given measurement the cell of interest was placed inside a triply shielded 

nickel-iron alloy chamber to reduce stray magnetic fields (measured to be approximately 80 

μT) by roughly three orders of magnitude. Due to its length, the evacuated cell extended 

approximately 2 cm from this chamber. As a result, an additional single layer of nickel-iron 

alloy was wrapped around this protruding portion. This chamber was then placed inside an 

oven consisting of insulated walls with a thermoelectric heat exchanger. A proportional-

integral-derivative servo was used to maintain constant temperature based upon the reading 

of a calibrated platinum resistance thermistor. Measurements were made between 34 °C and 

35 °C in order to increase the potassium vapor number density.

As the amplitude of the carrier frequency of the comb (i.e., the unmodulated light) is several 

orders of magnitude greater than that of any given comb tooth [5], it served as the pump 

beam for these measurements (commonly referred to as the cycling laser in the 

nomenclature of EIT). After the circularly polarized comb beam passed through the 

potassium cell (approximately 300 μW of total incident power) it was injected back into 

fiber and combined with the local oscillator beam to produce the self-heterodyne signal at 

the output of the 1 GHz bandwidth, AC-coupled photodiode.

This self-heterodyne signal was amplified and split for data acquisition and the AOM phase 

lock. The data acquisition channel was low-pass filtered at 264 MHz to remove the strong 

carrier tone (at 384.22 MHz, i.e., the AOM frequency) thus allowing for optimal use of the 

digitizer’s 12 bit depth. This filtration reduces our number of observed comb teeth by a 

factor of two (i.e., to just negative sidebands) but following amplification leads to a 

substantial increase in the observed signal-to-noise ratio.

After coherent time domain averaging, the signal was converted into the frequency domain 

using a fast Fourier transform. The signal magnitude and phase at each comb tooth 

frequency were extracted and then normalized against reference signals recorded by an 

identical procedure when the laser frequency was detuned by several GHz away from the D1 

transition [5].
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Amplitude and phase absorption spectra for the evacuated cell can be found in Fig. 2. Combs 

spanning 200 MHz to 650 MHz were employed with a comb tooth spacing of 200 kHz. In 

addition to the prominent 39K EIT feature at −462 MHz, we can also clearly observe the 

broader hyperfine pumping features [16, 17] which are separated by the upper state 

hyperfine splitting (i.e., 55 MHz). Finally, consistent with the high signal-to-noise ratio of 

these spectra we can further observe the 41K EIT feature near −254 MHz despite its low 

isotopic abundance of 6.7% [18]. The 39K feature has a considerably larger amplitude than 

we previously observed using a counter-propagating beam approach [5] because of the 

improved magnetic shielding and elevated temperature.

Based upon a fit of these spectral features (see Ref. [5] for further details on the fitting 

procedure), we determine 461.828(9) MHz and 254.12(7) MHz for the 39K and 41K lower 

state hyperfine splittings where the shown uncertainties are statistical spectroscopic fit 

uncertainties which do not include any sources of systematic uncertainty. Difficulties in 

modeling the underlying strong optical pumping features and the Doppler pedestal, each of 

which exhibits strong asymmetries represents the dominant source of systematic uncertainty 

and likely accounts for the deviation from the well known microwave values [19].

The predominant source of broadening of these EIT features is transit time broadening 

which occurs due to the large mean free path of potassium atoms in the evacuated cell and 

dephasing interactions with the cell walls. This broadening can be reduced through the use 

of a buffer gas which confines the potassium atoms within the beam [20, 21]. Importantly, 

the use of a buffer gas cell should also remove the velocity selective optical pumping 

features which were likely the dominant source of uncertainty in the measurements of the 

EIT feature when using the evacuated cell.

Through the use of the argon buffer gas cell and combs spanning 400 MHz to 650 MHz with 

a comb tooth spacing of 20 kHz we were able to reduce the observed 39K EIT full-width at 

half-maximum linewidth to 33(5) kHz (see Figure 3). The observation of this ultranarrow 

feature is possible because of the mutually coherent nature of the pump and probe [7]. As 

expected the hyperfine pumping features, which are velocity selective, are not observed in 

the presence of the buffer gas. Based upon a complex Lorentzian fit to this spectrum we 

retrieve a lower state hyperfine splitting of 461.724(2) MHz (where the uncertainty is the 

standard fit uncertainty) which agrees with the microwave value of 461.7197201(6) [19] at 

the 2σ level. We note that pressure shifting of the ground state hyperfine splitting by argon is 

negligible at this pressure (i.e., approximately 9 Hz [22]). The most prominent systematic 

uncertainty in our measurement of the lower state splitting is likely the dynamic Stark effect, 

due to the strong optical pumping, which we estimate to be near 85 kHz (based upon the 

assumption that roughly one half of the total optical power is in the carrier tone). As a result 

of the triply shielded magnetic chamber, Zeeman splitting is expected to be only roughly 1 

kHz.

We note that the amplitude of the EIT feature in the buffer gas cell is far smaller than 

observed with the evacuated cell (even after accounting for the difference in cell length) 

while this observation is in agreement with the observed behavior for Cs [23], it differs from 

a previous examination of EIT in K using a Hanle configuration [24] which found the buffer 

Long et al. Page 3

Opt Lett. Author manuscript; available in PMC 2018 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



gas amplitude to be larger. This enhancement was attributed to optical pumping 

compensation due to the overlapping Doppler profiles [24].

Due to the narrow intensity linewidth of the 39K EIT feature, and its correspondingly long 

lifetime, we were able to observe the optical free induction decay by pulsing the arbitrary 

waveform generator signal which drove the electro-optic phase modulator (see Fig. 4). The 

pulses, which were separated by 5 μs and had a pulse duration of 1 μs, had a single 

frequency of 461.7 MHz, which matches that of the hyperfine splitting of the 39K ground 

state. The observed free induction decay corresponds to a lifetime of 0.25 μs for the EIT 

feature in the evacuated cell at room temperature. This corresponds to an intensity linewidth 

of 640 kHz.

In light of these observed free induction decays we were able to go a step further and use 

chirped pulses to probe the EIT feature using the evacuated potassium cell at 34 °C. A chirp 

of 400 MHz to 650 MHz was employed with a 500 ns duration and 5000 ns between 

successive pulses. Taking the fast Fourier transform of the self-heterodyne signal after the 

chirped pulse yields a background-free EIT feature (see Fig. 4). The shown models for the 

in-phase (real) and out-of-phase (imaginary) components of the spectrum were 

 and , respectively, where e0 and elo are the 

probe and local oscillator field amplitudes and Δω is the angular frequency detuning. The 

amplitude, center, and baselines were floated while τ was held fixed to the known value.

This approach is analogous to the commonly used chirped pulse Fourier-transform 

microwave and THz techniques [25, 26] but is possible in the optical domain because of the 

ultranarrow EIT features which are probed. We note that free induction decays are routinely 

observed with femtosecond mode-locked lasers (e.g., [27]).

Through the use of electro-optic frequency combs with comb tooth spacings as narrow as 20 

kHz we have observed electromagnetically induced transparency in a self-heterodyne 

configuration. The common-mode and coherent nature of both the excitation and acquisition 

enabled us to determine the 39K lower state hyperfine splitting with a standard uncertainty 

less than 2 kHz. The flexibility of electro-optic frequency combs makes this approach 

amenable to present problems in atomic and molecular spectroscopy. Efforts to extend these 

measurements to other wavelengths and systems as well as the implementation of an open-

path instrument for remote sensing are presently under way.

Acknowledgments

Funding. National Institute of Standards and Technology Greenhouse Gas Measurement and Climate Research 
Program.

We thank Qingnan Liu for assistance during these measurements.

References

1. Kourogi M, Nakagawa K, Ohtsu M. Wide-span optical frequency comb generator for accurate 
optical frequency difference measurement. IEEE J Quantum Electron. 1993; 29:2693–2701.

Long et al. Page 4

Opt Lett. Author manuscript; available in PMC 2018 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



2. Kourogi M, Enami T, Ohtsu M. A monolithic optical frequency comb generator. IEEE Photonics 
Technol Lett. 1994; 6:214–217.

3. Torres-Company V, Weiner AM. Optical frequency comb technology for ultra-broadband 
radiofrequency photonics. Laser Photon Rev. 2014; 8:368–393.

4. Hébert NB, Michaud-Belleau V, Anstie JD, Deschênes JD, Luiten AN, Genest J. Self-heterodyne 
interference spectroscopy using a comb generated by pseudo-random modulation. Opt Express. 
2015; 23:27806–27818. [PubMed: 26480442] 

5. Long DA, Fleisher AJ, Plusquellic DF, Hodges JT. Multiplexed sub-Doppler spectroscopy with an 
optical frequency comb. Phys Rev A. 2016; 94:061801.

6. Hebert NB, Michaud-Belleau V, Perrella C, Truong GW, Anstie JD, Stace TM, Genest J, Luiten AN. 
Real-time dynamic atomic spectroscopy using electro-optic frequency combs. Phys Rev Appl. 2016; 
6:9.

7. Long DA, Fleisher AJ, Douglass KO, Maxwell SE, Bielska K, Hodges JT, Plusquellic DF. 
Multiheterodyne spectroscopy with optical frequency combs generated from a continuous-wave 
laser. Opt Lett. 2014; 39:2688–2690. [PubMed: 24784078] 

8. Fleisher AJ, Long DA, Reed ZD, Hodges JT, Plusquellic DF. Coherent cavity-enhanced dual-comb 
spectroscopy. Opt Express. 2016; 24:10424–10434. [PubMed: 27409866] 

9. Millot G, Pitois S, Yan M, Hovhannisyan T, Bendahmane A, Hänsch TW, Picqué N. Frequency-
agile dual-comb spectroscopy. Nat Photonics. 2016; 10:27–30.

10. Yi X, Vahala K, Li J, Diddams S, Ycas G, Plavchan P, Leifer S, Sandhu J, Vasisht G, Chen P, Gao 
P, Gagne J, Furlan E, Bottom M, Martin EC, Fitzgerald MP, Doppmann G, Beichman C. 
Demonstration of a near-IR line-referenced electro-optical laser frequency comb for precision 
radial velocity measurements in astronomy. Nat Commun. 2016; 7:10436. [PubMed: 26813804] 

11. Beha K, Cole DC, Del’Haye P, Coillet A, Diddams SA, Papp SB. Electronic synthesis of light. 
Optica. 2017; 4:406–411.

12. Boller KJ, Imamoğlu A, Harris SE. Observation of electromagnetically induced transparency. Phys 
Rev Lett. 1991; 66:2593–2596. [PubMed: 10043562] 

13. Fleischhauer M, Imamoglu A, Marangos JP. Electromagnetically induced transparency: Optics in 
coherent media. Rev Mod Phys. 2005; 77:633–673.

14. Wang H, Gould PL, Stwalley WC. Long-range interaction of the 39K(4s)+39K(4p) asymptote by 
photoassociative spectroscopy. I. The 0g- pure long-range state and the long-range potential 
constants. J Chem Phys. 1997; 106:7899–7912.

15. Bao Y, Yi X, Li Z, Chen Q, Li J, Fan X, Zhang X. A digitally generated ultrafine optical frequency 
comb for spectral measurements with 0.01-pm resolution and 0.7-μs response time. Light Sci 
Appl. 2015; 4:e300.

16. Bender PL, Beaty EC, Chi AR. Optical detection of narrow 87Rb hyperfine absorption lines. Phys 
Rev Lett. 1958; 1:311–313.

17. Smith DA, Hughes IG. The role of hyperfine pumping in multilevel systems exhibiting saturated 
absorption. Am J Phys. 2004; 72:631–637.

18. Garner EL, Murphy TJ, Gramlich JW, Paulsen PJ, Barnes IL. Absolute isotopic abundance ratios 
and atomic weight of a reference sample of potassium. J Res Natl Bur Stand Sec A. 1975; 79:713–
725.

19. Chan YW, Cohen VW, Silsbee HB. Measurement of hyperfine structure in ground states of 39K, 
41K and 23Na. Bull Am Phys Soc. 1970; 15:1521.

20. Brandt S, Nagel A, Wynands R, Meschede D. Buffer-gas-induced linewidth reduction of coherent 
dark resonances to below 50 Hz. Phys Rev A. 1997; 56:R1063–R1066.

21. Gozzini S, Cartaleva S, Lucchesini A, Marinelli C, Marmugi L, Slavov D, Karaulanov T. Coherent 
population trapping and strong electromagnetically induced transparency resonances on the D1 
line of potassium. Eur Phys J D. 2009; 53:153–161.

22. Bloom AL, Carr JB. Pressure Shifts in the Hyperfine Structure Constant of Potassium. Phys Rev. 
1960; 119:1946–1947.

23. Andreeva C, Cartaleva S, Dancheva Y, Biancalana V, Burchianti A, Marinelli C, Mariotti E, Moi L, 
Nasyrov K. Coherent spectroscopy of degenerate two-level systems in Cs. Phys Rev A. 2002; 
66:012502.

Long et al. Page 5

Opt Lett. Author manuscript; available in PMC 2018 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



24. Gozzini S, Slavov D, Cartaleva S, Marmugi L, Lucchesini A. Analysis of high efficiency 
electromagnetically induced transparency in potassium vapor. Acta Phys Pol A. 2009; 116:489–
491.

25. Brown GG, Dian BC, Douglass KO, Geyer SM, Shipman ST, Pate BH. A broadband Fourier 
transform microwave spectrometer based on chirped pulse excitation. Rev Sci Instrum. 2008; 79

26. Gerecht E, Douglass KO, Plusquellic DF. Chirped-pulse terahertz spectroscopy for broadband trace 
gas sensing. Opt Express. 2011; 19:8973–8984. [PubMed: 21643150] 

27. Coddington I, Swann WC, Newbury NR. Coherent multiheterodyne spectroscopy using stabilized 
optical frequency combs. Phys Rev Lett. 2008; 100:013902. [PubMed: 18232764] 

Long et al. Page 6

Opt Lett. Author manuscript; available in PMC 2018 November 01.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Fig. 1. 
Instrument optical schematic. The abbreviated components are an external-cavity diode laser 

(ECDL), a fiber coupled isolator (Iso.), an electro-optic phase modulator (EOM), half-wave 

and quarter-wave plates (λ/2 and λ/4, respectively), 100 mm lenses (L), an acousto-optic 

modulator (AOM), a potassium cell (K Cell), a triply shielded magnetic chamber (Mag. 

Shield), a variable fiber attenuator (Atten.), a high precision wavelength meter (λ-meter), 

and a 1 GHz photodiode (PD). Fiber couplers are shown with their relevant split ratios. Only 

the 1st-order output of the AOM is shown (the 0th order is sent into a beam block). Fiber 

optics are shown in black while red lines denote free-space beam paths.
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Fig. 2. 
Normalized amplitude (top panel) and phase (bottom panel) spectra of the EIT and hyperfine 

pumping peaks for the evacuated cell at 34 °C. Linear background absorption was modeled 

by a 4th order polynomial for the amplitude spectrum and a 2nd order polynomial for the 

phase spectrum. Two thousand interferograms were averaged in the time domain before 

being fast Fourier transformed. Each component interferogram contained 300 kS recorded at 

750 MS/s. Typical duty cycles were 25 % to 40 %, corresponding to a total acquisition time 

near 3 s for the probe spectrum. The full-width at half-maximum of the 39K EIT feature is 

approximately 800 kHz which is consistent with the expected transit time broadening.
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Fig. 3. 
A portion of an absorption spectrum and corresponding Lorentzian fit of the EIT feature for 

a buffer gas cell containing Ar buffer gas at 35 °C. Two thousand interferograms were 

averaged in the time domain before being fast Fourier transformed. Each component 

interferogram contained 300 kS recorded at 750 MS/s. As an additional level of averaging, 

40 normalized spectra were then averaged to produce the shown spectrum.
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Fig. 4. 
(Upper panel) Time domain self-heterodyne signal for pulsed modulation using the 

evacuated cell at room temperature. The shown trace is the average of 20 000 acquisitions. 

The sampling rate was 750 MS/s. An unresolved technical issue leads to a very slight 

baseline distortion for some of the free induction decays (e.g., the second one). This may be 

because there are not an integer number of cycles of 461.7 MHz in 5 μs. (Middle panel) 

Same data as the upper panel but with the x- and y-axes reduced. The gray trace shows the 

acquired data while the red traces correspond to models of the free induction decay of the 

form V(t) = Ae−t/(2τ) + V0, where the factor of two in the exponent accounts for the 

heterodyne nature of the measurement. (Lower panel) In-phase and out-of-phase 

components of the fast Fourier transform (FFT) of the self-heterodyne signal after a chirped 

pulse (black points) and corresponding model (solid red line). The x-axis was shifted to 

account for the AOM offset of 384.22 MHz. Twenty thousand time-domain signals were 

averaged, with each individual acquisition containing 10 000 samples recorded at 3 GS/s.
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