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Coherent transient spectroscopy with continuous wave quantum cascade lasers James M. R. Kirkbride,a Sarah K. Causier,a Elin A. McCormack,a Damien Weidmannab and Grant A. D. Ritchie*a A high power continuous wave quantum cascade laser operating around 1900 cm1 has been used to conduct Lamb dip spectroscopy on a low pressure sample of NO. The widths of the Lamb dips indicate that the laser linewidth is 800  60 kHz and the power suﬃcient to induce significant population transfer of up to 35%. While the Lamb dip signals are symmetric at low laser chirp rates, they become
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increasingly asymmetric as the chirp rate increases, further confirming the significant degree of
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weak probe beam is swept through the line center. This structure is sensitive to both the probe chirp



population transfer. In addition rapid passage structure on the Lamb dip signal is observed after the rate and the underlying hyperfine structure of the rovibrational transition, and is accurately modeled
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using the optical Bloch equations.



1 Introduction Recent advances in quantum cascade laser (QCL) design have enabled the production of high powered single mode continuous wave (cw) lasers with narrow linewidths.1–4 These are ideal sources not only for sensing strategies based on modulation spectroscopy such as wavelength modulation spectroscopy (WMS) and cavity enhanced absorption and ringdown spectroscopies (CEAS, CRDS), but also for non-linear spectroscopy and vibrational state preparation. For pulsed QCLs application of a current pulse to the laser results in rapid Joule heating causing a fast frequency down chirp in the laser output. The resulting high chirp rate may mean that the laser is swept through a spectroscopic resonance in a sample of low pressure gas in a time that is short compared to that for collisionally induced polarization dephasing. Under these conditions, the macroscopic polarization of the sample can beat with the chirping laser field to modify the transmission (or emission) function of the sample – this is the coherent transient eﬀect known as rapid passage. Studies using pulsed QCLs show that rapid passage leads to considerable oscillatory structure post resonance in the absorption spectrum provided that the detector/amplifier system has suﬃcient bandwidth to resolve the high oscillation frequency.5,6 a
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Similarly by applying a waveform to a cw QCL the frequency may be scanned, with the rate depending on the frequency and magnitude of the applied waveform. Rapid passage was recently observed in a velocity selected sample of NO using two cw QCLs in a pump–probe type setup,7 and in a single laser setup over a long path length using OCS gas.8 Other coherent eﬀects may also be seen with rapidly chirped QCLs such as the electric field induced Autler–Townes splitting seen by Duxbury et al.9,10 In this case the splitting, observed in a low pressure sample of NO over a pathlength of 100 m, was found to be laser chirp rate dependent. At low pressures (less than 1 Torr) the Doppler eﬀect causes an inhomogeneous broadening of the molecular absorption line, producing a Gaussian lineshape with a full-width at half maximum of ca. 130 MHz in the mid IR for NO. Since each hyperfine transition is broadened by this amount it is not generally possible to resolve the individual lines using standard absorption spectroscopy. Sub-Doppler resolution of a spectral line may be achieved by reducing the size of the velocity group being probed. For instance using Lamb dip spectroscopy.11 For this work, velocity profile selection was achieved by using two beams formed by a beam splitter which gives ca. 90% of the laser power in a pump beam and allows a high level of spatial overlap between the pump and the remaining 10% of the power in the probe beam. The laser is scanned over the transition of interest by applying a triangular voltage ramp to the current driver in order to produce small changes in the input current. Since the two beams counter propagate and scan through the same frequencies simultaneously, they interact with velocity groups that have equal and opposite velocity components along
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the z axis (defined as the direction of propagation of the pump beam). The two beams can only interact with the same molecular velocity group when there is zero velocity component in the z direction. At this frequency the pump beam excites the molecules into the upper state and the gas becomes partially transparent to the probe beam resulting in a dip in the measured absorption at the line center. The width of the Lamb dip is determined by the transit time and self broadening parameter of the molecules, and by the laser linewidth. At low pressure both the transit time broadening and the self broadening are on the order of a few kHz so the width of the Lamb dip is usually dominated by the laser linewidth and as such can be used as a measurement of said property. For a strong saturating pump wave and a weak counter-propagating probe the form of the absorption coeﬃcient for a Lamb dip spectrum is given by eqn (1),12 "



#   1 G2 aðoÞ ¼ a ðoÞ 1  1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 2 ; 1 þ S0 G þ ðo  o0 Þ2 0



G¼ S0 ¼



pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ g 1 þ 1 þ S0 ; 2



ð1Þ



2jmj2 Ip ; ce0 h2 g2



in which a0(o) is the unsaturated Doppler profile, o is the laser frequency, o0 is the center frequency of the transition, g is the relaxation rate of the system, m is the transition dipole moment, Ip is the intensity of the pump laser and S0 is the saturation parameter. The signal measured at the detector is a convolution of eqn (1) with a Gaussian function representing the frequency distribution of the laser. An analytical approximation to this convolution is given by Mukherjee et al. assuming that the laser linewidth is larger than the power broadened homogeneous width,13 2  3 2 pﬃﬃﬃ   oo0 2 oo  D 0  p G 1 D D 1 5; aðoÞ ¼ ap 4e  1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ e Dl 1 þ S0 (2) where ap is the maximum absorbance (i.e. at line centre), DD is the Doppler width and Dl is the laser linewidth. The first term in the brackets represents the unsaturated Doppler absorption profile i.e. a Gaussian function, and the second the Lamb dip broadened by the laser linewidth. This model will be used in experimental data interpretation. This paper presents examples of coherent eﬀects seen in the fundamental rovibrational absorption spectrum of NO at ca. 5 mm and their eﬀects on Lamb dip signals. More specifically, two rotationally resolved transitions within the n = 1 ’ 0 vibrational band of the ground 2P electronic state are investigated. The two transitions studied, Rð6:5Þ1 and Rð6:5Þ3 , have 2
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2



displays the larger hyperfine splitting and is used to measure the laser linewidth, and the Rð6:5Þ1 transition is investigated to 2



study coherence eﬀects.



2 Experimental The work was carried out using a Maxion M575AH-NS single mode cw distributed feedback (DFB) QCL housed in an in-house designed mount and cooled by a two stage peltier thermoelectric cooler. The laser was then driven by a custom designed low noise current source. The laser emits over the range 1897–1904 cm1 with powers up to 250 mW. The beam is split by a CaF2 beam splitter and the pump and probe beams then counter propagate through a 112 cm long cell fitted with Brewster angled CaF2 windows. The probe beam is collected onto a detector (VIGO PVMI-3TE-10.6) while the pump beam goes to a beam dump. The ideal alignment of the system would have the pump and probe beams perfectly overlapping, however this causes optical feedback into the laser which induces mode hops when the laser is scanned. Therefore the setup must be slightly misaligned such that there is suﬃcient overlap to observe Lamb dips but without causing significant optical feedback (Fig. 1). The laser frequency was scanned by applying a triangular voltage ramp to the current controller using a digital function generator (TTi TG1304). The laser chirp rate is a function of both the frequency and amplitude of the voltage modulation. The spectra were recorded using a 400 MHz bandwidth digital oscilloscope (LeCroy WaveSurfer 44MXs-A). All data was recorded on a frequency up-chirp and approximately 100 sweeps were recorded with the data subsequently being re-centered on the minimum of the Lamb dip and averaged in MATLAB to reduce drifts and noise. A frequency scale is established using the positions of the Lamb dips as known fixed frequency points and interpolating across the Doppler broadened background spectrum. The chirp rate is calculated using a germanium etalon with a free spectral range (FSR) of 500 MHz. The transmission function of the etalon as the laser frequency is



2



the same total angular momentum quantum number (J = 6.5)   1 3 but diﬀer in their spin orbit states O ¼ ; . The two transi2 2 tions display slightly diﬀerent structure owing to diﬀering
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splittings caused by hyperfine interactions with 14N, and L doubling caused by the rotation of the molecule lifting the orbital angular momentum degeneracy. The hyperfine splitting is the smaller of these two eﬀects. The Rð6:5Þ3 transition



Fig. 1 Lamb dip experimental setup. The beam is split into ‘pump’ and ‘probe’ beams which counter propagate through the cell.
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Fig. 2 The transmission of the germanium etalon during a frequency up-chirp of the laser, shown with a linear fit to the time spacing of the fringes (frequency spaced by the FSR of 500 MHz) giving a frequency chirp rate of 0.053 MHz ms1.



scanned appearing in Fig. 2 shows that the frequency scan is nearly linear and as such the frequency scale is directly given by the spacing of the transmission maxima in the time-domain signals. The change in amplitude of the fringes and the ramped baseline reflect the small change in power of the laser across the current scan.



Fig. 3



Calculated absorption spectrum of NO covering both spin-orbit states of 1 spin2 orbit state appears as a doublet due to L doublet splitting, whereas that from the 3 O ¼ state appears as a singlet as the L doublet splitting is less than the Doppler 2 width. The calculations were made using the absorption cross sections given by HITRAN.14 the R(6.5) n = 1 ’ 0 transition. The transition originating from the O ¼



the resulting spectrum shown in Fig. 4. This data was fitted with eqn (2) using least squares minimisation in MATLAB. The equation is applied to all six hyperfine transitions with the amplitudes of the Doppler profiles being weighted according



3 Results and discussion Laser linewidth measurements The orbital angular momentum quantum number L is poorly defined in the ground electronic state of NO and instead the projection of L onto the internuclear axis, L, is used. For NO, L = 1 leads to two degenerate states which are split by the rotation of the nuclear framework; an eﬀect known as L-doubling. The two resulting non-degenerate states are labeled e and f and the transitions originating from each, and terminating in the same L-doublet components in the n = 1 state, are separated by ca. 330 MHz and ca. 26 MHz in the Rð6:5Þ1 and the Rð6:5Þ3 2



2



transitions respectively. Hence in an absorption spectrum the Rð6:5Þ1 transition appears as a doublet whereas in the Rð6:5Þ3 2



2



transition the splitting is less than the Doppler broadening and it appears as a singlet as shown in Fig. 3. There is a further splitting due to hyperfine coupling with the nuclear spin of the nitrogen (I = 1). Each angular momentum state is thus split into three hyperfine levels, giving a total of six hyperfine levels. The selection rule for transitions between these hyperfine levels is DF = 0, 1 where F = |J + I|  |J  I| is the total angular momentum quantum number including nuclear spin. For the transitions studied DJ = +1 and the strongest absorptions are for DF = +1 leading to three strong absorption lines spaced by between 0.1 and 3.1 MHz in each L-doublet. The laser linewidth was measured using Lamb dip spectroscopy on the NO Rð6:5Þ3 n = 1 ’ 0 transition. The cell was filled



Fig. 4



with approximately 8 mTorr of NO and a Lamb dip spectrum was recorded at a laser chirp rate of 0.053 MHz ms1 with a pump power of 130 mW. Six hyperfine lines were apparent in



6 separate Lamb dips corresponding to the strongest 6 hyperfine transitions. The full Doppler profile is shown at a pressure of ca. 8 mTorr and a laser chirp rate of 0.053 MHz ms1 in (a). The fit to the observed spectrum using eqn (2) which gave a laser linewidth of 800  60 kHz is shown in (b).



2
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Lamb dip spectrum of the NO Rð6:5Þ3 n = 1 ’ 0 transition showing 2
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Lamb dip spectra of the e and f components of the L doublet in the Rð6:5Þ1 2



transition of NO with the transition intensities (from HITRAN14) of the corresponding hyperfine components shown. Note that the laser linewidth is narrow enough to allow partial resolution of the hyperfine lines in the f component.



the transition cross sections given by HITRAN,14 and the saturation parameters weighted according to the squares of the respective dipole moments. The overall Doppler lineshape is the sum of the six individual components. The fit to the data in Fig. 4a is shown in Fig. 4b. The Lamb dips are well fit by the Gaussian lineshape in the second term of eqn (2) with full-width at half-maximum giving a laser linewidth of 800  60 kHz. This compares favourably with linewidths of 21 MHz,13 4 MHz,15 and 2.5 MHz measured using similar techniques with external cavity QCLs.16 The linewidth is limited mainly by supply current noise since the intrinsic linewidth of QCLs has been shown to be of the order of only a few hundred Hz.2,17 The eﬀects detailed in the rest of this paper resulted in the 6 Lamb dips seen on the Rð6:5Þ3 2



transition blurring into one another. As a result transient experiments were carried out on the Rð6:5Þ1 transition in which



Fig. 6



The full Doppler profile for the e and f components of the Rð6:5Þ1 2



transition with two Lamb dips is shown in (a) for the Rð6:5Þ1 transition at a chirp 2



rate of 0.87 MHz ms1. The eﬀect of increasing chirp rate on the size of the Lamb dip is shown in (b).



2



the hyperfine splitting in each L-doublet cannot be resolved. Only a single Lamb dip is seen on each of the L-doublet peaks (see Fig. 5). Due to the narrow linewidth of the laser it is however possible to partially resolve one of the hyperfine transitions (with a splitting of 1.02 MHz) in the f component from the other two, but in the e component the splitting is much less than the laser linewidth and so only a single dip is observed. Lamb dip shape as a function of chirp rate For lower chirp rates the depth of Lamb dips was observed to increase relative to the size of the absorption signal as the chirp rate increased. Fig. 6 shows examples of this behaviour. The Lamb dips were again fitted using eqn (2). The values of g and Dl were both fixed parameters in the fitting with g calculated from the quadrature addition of the transit time broadening and the collisional broadening and the laser linewidth being fixed at the measured value of 800 kHz. Again all six hyperfine components are summed to give the overall lineshape. The increase in the size of the Lamb dip reflects an increase in the population transferred into the n = 1 level as plotted in Fig. 7. The population transfer is seen to increase from around 20% to over 35%, simply by increasing the chirp rate.
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Fig. 7



Population transfer as a function of chirp rate.



This eﬀect of chirp rate on the magnitude of the Lamb dip was previously observed by Hamadani et al. in a low pressure sample of NH3 pumped with a high power N2O laser.18 In their study they found that at appropriately high chirp rate the Lamb dips switched to amplification indicating an inversion of population. This is evidence for adiabatic rapid passage (ARP)
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Fig. 8 Increasingly asymmetric Lamb dip spectra are seen as the chirp rate is increased. All data was taken with 10 mTorr NO and data sets have been oﬀset for clarity.



where the definition of ‘rapid’ is that the laser is swept through resonance in a time that is short compared to the collisional relaxation of the gas. In their study the laser intensity was significantly higher (5 W cm2) than in the present study (1 W cm2), explaining why amplification is not seen in our data. Raising the chirp rate above about 0.9 MHz ms1 however does not lead to further increases in the magnitude of the Lamb dips and in fact they become noticeably asymmetric. The absorbance post resonance in the probe scan becomes lower than expected for the Doppler profile as shown in Fig. 8. This asymmetry is independent of the direction of frequency scan i.e. for the case of a frequency up chirp it occurs to higher frequency than the line centre but on a down chirp the asymmetry lies to lower frequency. The magnitude of the dip also decreases with increasing chirp rate as the asymmetry increases. The cause of this asymmetry relates to the counterpropagating nature of the experiment. As the probe laser passes through the center of the Doppler broadened line where oprobe = o0 it begins to interact with velocity groups that have already been pumped. These velocity groups have a significant amount of population in the n = 1 state when pumped. Hence the population diﬀerence DN, to which the absorbance is proportional, is reduced compared to those that are probed pre-Lamb dip. The population of the n = 1 state may decay in the time period between being pumped and being probed. The length of time between pumping and probing for each velocity group depends on the chirp rate of the laser, thus the faster the laser is scanned, the less time the population in the n = 1 state has to decay. This is entirely as expected for a system in which the main method of depopulating the upper state is molecular collisions. The asymmetric line shape, to a first approximation, can be thus fitted using eqn (3), a = a0(1  Aekt),



(3)



where t is the time taken between a velocity group being pumped and the probe laser interacting with it, A is proportional to the initial amplitude of the Lamb dip, and k is a phenomenological decay constant which quantifies depopulation (and dephasing) of the upper state. Eqn (3) was convolved
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Fig. 9 The variation in the asymmetric Lamb dip spectra as a function of pressure. As the pressure increases the dips get smaller in proportion to the background absorption profile and become more symmetric. All data was taken at laser chirp rate of 7.7 MHz ms1 and the profiles were normalized and oﬀset for clarity.



with a Gaussian of full-width at half-maximum 800 kHz, representing the laser linewidth function and fitted to the data using least squares fitting in a MATLAB program. The fitting routine applies in the post-resonance regime since before this point the probe beam only sees molecules that have not been pumped, and we therefore define t to be zero pre-resonance. The decay constant, k, is found to be approximately equal to the collision frequency within the gas sample. As well as a change in the asymmetry with chirp rate, there is a noticeable change with pressure as shown in Fig. 9. The dips get smaller and the spectra more symmetric with increasing pressure, reflecting the increasing importance of collisional relaxation of the n = 1 population. In Fig. 8 and 9 the Doppler broadened absorption profiles have been normalized to show how the size of the dip changes relative to the background absorption. Rapid passage The asymmetry in the Doppler profile was fit using eqn (3) and a least squares minimisation program in MATLAB. A fit to the e component of the Rð6:5Þ1 transition at a chirp rate of 2



18 MHz ms1 is shown in Fig. 10. In general the overall functional form of the data is well fitted using this model. A closer examination of the Lamb dip reveals oscillations postresonance as shown in the inset to Fig. 10. These oscillations occur only after the probe laser has scanned through the line center, to later time in the scan. Again, the oscillations are seen to later time regardless of whether the probe laser is scanning to increasing or decreasing frequency. The oscillatory structure resembles the rapid passage signals seen using chirped pulsed QCLs; the electric field produced by the polarized vibrationally excited molecules interferes with the electric field of the scanning probe laser and causes the intensity oscillations seen. The process happens on a timescale that is short compared with the relaxation time of the system and as such the rapid passage does not appear at very slow laser scan rates below
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PCCP MATLAB program.7 The model takes the properties of the molecular transition such as the dipole moment and longitudinal and transverse relaxation rate constants, and the laser intensity and interaction length and produces a simulation of the expected rapid passage oscillations. The model has been applied to the oscillations shown in the inset of Fig. 10 and shows good agreement with the experimental data. To our knowledge this is the first observation of rapid passage signals in Lamb dip spectroscopy. The rapid passage signals for the two L doublet components of the Rð6:5Þ1 transition were found to diﬀer in appearance. 2



Fig. 10



A fit to the e component of the Rð6:5Þ1 transition at a chirp rate of 2



18 MHz ms1 using eqn (3) is shown with the rapid passage oscillations postresonance shown inset. The rapid passage oscillations are fit by a model which solves the optical Bloch equations. The signals are plotted against the detuning from the center frequency of the Lamb dip.



about 4 MHz ms1. As with our previous work in a pump probe experiment,7 we find that the rapid passage signature is only visible due to the sub-Doppler laser bandwidth causing significant velocity selection as no such rapid passage occurs when the pump beam is blocked, removing the velocity selective pumping. Because the pumped velocity group is small (being determined by the laser linewidth) the velocity spread of the pumped molecules is very low and the molecules dephase slowly. Hence even though the laser is scanned slowly compared to the chirp rate of pulsed QCLs (ca. 3–4 orders of magnitude diﬀerence), the scan is still fast compared with the dephasing time of the pumped velocity group and rapid passage can be observed. This behaviour has been modeled using the optical Bloch equations using a previously described



Fig. 11



Moreover it is seen that the observed diﬀerence between the rapid passage structures on the e and f components changes depending on the chirp rate of the laser. The observed signal on the e component looks as expected for rapid passage, however on the f component there is a marked diﬀerence, attributed to the hyperfine splitting. In the f component the splitting as shown in Fig. 5 is suﬃciently large that a rapid passage signal beginning on the partially resolved hyperfine transition may be slightly out of phase with that originating from the other two hyperfine transitions. Hence these two signals interfere and cause the change in overall signal shape that is observed. Again this eﬀect was modeled using the optical Bloch equations as shown in Fig. 11. The three hyperfine transitions on each L-doublet each contribute an oscillating rapid passage signal. These signals are summed and then convolved with a Gaussian with a full width at half maximum of 1 MHz to represent the probing laser linewidth. The results of the simulations are shown in Fig. 11c and f (for e and f components respectively) and are in good qualitative agreement with the experimental data shown in Fig. 11a and d. It should be noted that these experimental data had the underlying asymmetry subtracted using the best fit from eqn (3). In addition, the simulations are



Rapid passage signals at a laser chirp rate of 7.7 MHz ms1 and a pressure of 9 mTorr for the Rð6:5Þ1 transition. (a) to (c) correspond to the e component and 2



(d) to (f) to the f component. The experimental data is shown in (a) and (d) with the asymmetric Doppler profile subtracted. Images (b) and (e) show the simulations of the rapid passages signals for the three hyperfine components of the respective transitions along with their sum in bold. Finally (c) and (f) show the signal expected at the detector, calculated by convolving (b) and (e) with a Gaussian function representing the probe laser linewidth.
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also in good agreement with the chirp rate dependence and shape of the experimental data for both L doublet components.
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Single velocity group pumping The asymmetry in the Doppler profile is due to the simultaneous frequency scan of pump and probe beams in a counterpropagating setup with significant population transfer induced by the QCL, while the rapid passage oscillations are due to the induced polarisation of the pumped molecules beating with the chirping laser field. Given this interpretation of our data, it should be possible to see rapid passage oscillations without the asymmetry by using a separate laser to pump a single velocity group within the Doppler profile. To this end a single velocity group within the Doppler profile of the Rð6:5Þ1 transition was 2



pumped using a fixed frequency supplied by a second QCL (Daylight solutions external cavity QCL).19 Due to frequency instability of the pumping Daylight QCL it was not possible to perform any averaging on the recorded data, however the lack of asymmetry in the Doppler profile makes the rapid passage oscillation even more pronounced. Fig. 12 shows a velocity group with a small component in the direction of laser propagation being pumped within the f component of the L doublet resolved transition. Rapid passage oscillations are clearly seen however the asymmetry caused by pumping all velocity sets before probing them is not. The data shown in Fig. 12 was taken with the Maxion laser scanning at 60.5 MHz ms1 and at a pressure of ca. 6 mTorr, conditions similar to previously displayed data. The Daylight laser has a linewidth of ca. 2 MHz as determined previously using Lamb dip spectroscopy.16,19 Therefore the velocity group pumped by this laser is larger than that pumped by the Maxion laser. Again the optical Bloch equations were solved to model the behaviour of the system and the resulting simulation is shown in the inset to Fig. 12. Once more the agreement is good.



4 Conclusions The linewidth of a high power continuous wave quantum cascade laser was determined to be 800  60 kHz through Lamb dip spectroscopy. The eﬀects of rapid passage on Lamb dips were investigated and initially increasing chirp rates were found to favour population transfer, in good agreement with Hamadani’s work on adiabatic rapid passage with a chemical laser in which the eﬃciency of the population transfer from the initial state into the excited vibrational state can be controlled by the laser chirp rate.18 Whilst amplification was not observed, population transfer eﬃciencies of up to 35% were measured which could be controlled by the laser chirp rate. By increasing the chirp rate further, rapid passage eﬀects have, for the first time, been demonstrated in a Lamb dip experiment using a narrow linewidth, high power single mode quantum cascade laser. The absorption signals were observed to display asymmetric lineshapes, owing to the rate at which the probe laser is chirped through resonance with previously pumped velocity groups. If this rate is much higher than the rate at which the upper state is depopulated then an asymmetric lineshape results reflecting the degree of initial population transfer. This same condition is also necessary to observe rapid passage oscillations on the Lamb dip. The oscillations were only seen due to the narrow laser linewidth and were seen to be aﬀected by the hyperfine splitting in the transition. Finally it was shown that it was possible to separate the asymmetry eﬀect from the rapid passage oscillations by pumping a single velocity group using a second laser at a fixed frequency.
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Fig. 12 The absorption signal seen when a separate fixed frequency (Daylight) QCL is used to pump a single velocity group within the Rð6:5Þ1 transition. The 2



pumped velocity group has a non-zero, small velocity component in the direction of propagation and so the dip caused by the hole burnt into the ground state population is not centered within the Doppler profile. Inset is shown a fit to the rapid passage oscillations using the optical Bloch equations.
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