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Abstract

:

We demonstrate a fiber-guided atom interferometer in a far-off-resonant trap (FORT) of 100 μK. The differential light shift (DLS) introduced by the FORT leads to the inhomogeneous dephasing of the tightly trapped atoms inside a hollow-core fiber. The DLS-induced dephasing is greatly suppressed in   π / 2 - π - π / 2   Doppler-insensitive interferometry. The spin coherence time is extended to 13.4 ms by optimizing the coupling of the trapping laser beam into a quasi-single-mode hollow-core anti-resonant fiber. The Doppler-sensitive interferometry shows a much shorter coherence time, indicating that the main limits to our fiber-guided atom interferometer are the wide axial velocity distribution and the irregular modes of the Raman laser beams inside the fiber. This work paves the way for portable and miniaturized quantum devices, which have advantages for inertial sensing at arbitrary orientations and in dynamic environments.
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1. Introduction


A hollow-core photonic crystal fiber (HC-PCF) [1,2,3,4] is a novel type of microstructured optical fiber that guides laser beams in air for transmission. Inside the HC-PCF, the diffraction-free and low-loss light field provides an ideal platform for long-distance, transportable, and enhanced atom–photon interactions. Based on the platform, the frontiers of quantum information technology have developed rapidly, including precision spectroscopy [5], Rydberg atoms [6,7], quantum memories [8,9], and quantum computing [10]. This makes the fiber-guided atom interferometer a promising candidate for portable and miniaturized quantum devices.



Compared to atom interferometers in free space [11,12], fiber-guided atom interferometers have potential in applications such as inertial sensing at arbitrary orientations or in highly dynamic environments as a relatively deep FORT can tightly trap laser-cooled atoms in the radial direction [13]. For instance, a 100 μK FORT inside a hollow-core fiber with a mode-field diameter of 20 μm provides a potential barrier, corresponding to the maximum acceleration of approximately 1000 m/s2 [14]. Currently, an inertia-sensitive atom interferometer inside the HC-PCF has been realized [15]. However, the severe decay regarding the contrast is mainly due to the inhomogeneous broadening of the DLS between the hyperfine ground-state energy levels. This substantially limits the development of fiber-guided atom interferometers.



To date, several methods have been demonstrated to be effective in canceling the DLS. Our previous study showed the suppression of the DLS in microwave Ramsey interferometry by introducing a weak compensation laser beam into the HC-PCF, whose frequency is tuned in between two hyperfine levels of atoms [16]. However, the method of optical compensation [17] is limited by the mode mismatching of laser beams of different wavelengths inside the HC-PCF and the fluctuations in optical power. Another method compensates for the DLS by implementing an additional magic magnetic field along the elliptically polarized trapping laser beam. The equivalent magnetic field generated by the trapping laser beam will induce a Zeeman shift for the clock transition. Normally, the method of Zeeman-like compensation [18,19] requires a strong external magnetic field of a few Gauss at the expense of a large magnetic-field sensitivity and high coils power consumption. In addition, to minimize the DLS-induced dephasing, an approach for cooling atoms directly inside the HC-PCF has been proposed. The in-fiber cooling allows a shallow FORT of a few hundred nano-Kelvin in the interferometry to reduce the DLS and improve the interferometer time up to 20 ms [20]. However, a relatively shallow FORT cannot provide a sufficient potential barrier. This makes fiber-guided atom interferometers lose the advantages in the field of inertial sensing at arbitrary orientations and dynamic environments.



In this paper, we report on a tightly trapped atom interferometer inside a hollow-core fiber and the extension of the interrogation times to tens of milliseconds in a relatively deep FORT. This is achieved because we reverse the DLS-induced inhomogeneous dephasing by optimizing the coupling of the trapping laser beam into a quasi-single-mode hollow-core anti-resonant fiber (HC-ARF) [2,3,4].




2. Apparatus


As shown in Figure 1a, an HC-ARF is vertically mounted inside a titanium alloy chamber with a vacuum degree of   2.1 ×  10  − 8     Pa  . Figure 1b illustrates the frequency configuration of all the laser beams discussed in this paper. In a magneto-optical trap (MOT), the cooling and repump laser beams have a waist radius of 8.0 mm after beam expansion. In addition, we use the same polarization-maintaining single-mode fiber (PM-SMF) and collimation to perform the Gaussian beam shaping of the other laser beams interacting with the 87Rb atoms inside the HC-ARF. The laser beams are then coupled from the bottom of the vacuum chamber into the HC-ARF, and the coupling efficiency is more than   70 %  . The laser beams leaving from the HC-ARF are split into two optical paths by the non-polarizing beam splitter (NPBS): one for detection and the other for retro-reflection. In the detection optical path, an avalanche photodetector (Thorlabs APD130A) is used to detect the transmission power of the probe laser beams. The trapping laser beam is absorbed and attenuated by a bandpass filter with a center wavelength of 780 nm and an optical density of more than 5. In the retro-reflection optical path, a shortpass dichroic mirror is used to separate laser beams by transmitting and reflecting light at a cutoff wavelength of 805 nm to prevent the superposition of 852 nm laser beams (referred to as the trapping laser beams) propagating in opposite directions inside the HC-ARF. Moreover, the retro-reflected Raman laser pulses of 780 nm are then re-coupled into the HC-ARF by adjusting another mirror.




3. Results and Discussion


In this paper, a three-pulse Mach–Zender interferometer (  π / 2 - π - π / 2  ) is configured as a gravimeter with Raman laser pulses along the HC-ARF. The typical time sequence of the interferometry experiment is shown in Figure 2a, including the processes of building, loading, pump, interferometry, and detection. We next discuss the experimental details and results of the tightly trapped atom interferometer inside the HC-ARF.



In a   π / 2 - π - π / 2   interference sequence (i.e., spin-echo sequence), the population-inverting  π  pulses can theoretically reverse the inhomogeneous dephasing introduced by the DLS. In this case, the normalized population in   | F = 2 〉   reads as follows [21]:


   P  F = 2   = A  { 1 − C · cos  [  (  〈  δ 1  〉  −  〈  δ 2  〉  )  · T +  k e  · g  T 2  +  (  ϕ 3  − 2  ϕ 2  +  ϕ 1  )  ]  }  ,  



(1)




where A and C represent the amplitude and the contrast regarding the interference fringes, respectively.   k e   represents the effective wave vector, and  g  denotes the component of gravity along HC-ARF.   ϕ 1  ,   ϕ 2  , and   ϕ 3   refer to the phases of three pairs of Raman laser pulses.   〈  δ i  〉   denotes the average detuning of 87Rb atoms during the i-th interrogation time T:


       〈  δ 1  〉     = δ +  〈 δ  ν  z 1   〉  +  〈 δ  ν 1  〉        〈  δ 2  〉     = δ +  〈 δ  ν  z 2   〉  +  〈 δ  ν 2  〉       ,  



(2)




where  δ  is the two-photon Raman detuning.   〈 δ  ν  z i   〉   and   〈 δ  ν i  〉   refer to the average second-order Zeeman shift for the clock transition and the average DLS during the i-th interrogation time T, respectively. Equation (1) indicates that the average DLSs of any atom in two successive interrogation times will cancel each other out (   〈 δ  ν 1  〉  −  〈 δ  ν 2  〉  = 0  ), as long as the FORT experienced by the atoms inside the fiber is consistent both in time and space.



3.1. Optimizing the Coupling of the Trapping Laser Beam


To avoid the spatial inhomogeneity of the FORT along the HC-ARF and minimize the DLS, we optimize the coupling of the trapping laser beam into a quasi-single-mode HC-ARF in this paper.



In previous studies related to the guidance of atoms, the mode-field diameter (MFD) of the HC-PCF is usually 5–42 μm [22,23,24,25]. As the MFD rises, the atomic cloud has a larger interacting region with the trapping laser beam and the guidance efficiency increases. However, the required optical power of the trapping laser beam, corresponding to the large MFD, also increases under the condition of constant trap depth. In addition, to cover the guidance distance of the atomic cloud, the length of the HC-PCF is usually from a few tens to more than a hundred millimeters [22,23,24,25]. Under non-optimal coupling conditions, a small number of higher-order modes are excited inside the HC-PCF and thus cause intensity modulation along the fiber axis [26]. To overcome this problem, a longer HC-PCF can be used as an effective mode filter since higher-order modes usually have much higher transmission loss than fundamental modes [27]. Considering the above conditions, a 7-core HC-ARF is finally used in this paper. The HC-ARF has a core diameter of 27.0 μm, a   1 /  e 2    MFD of 20.0 μm, and a length of 180 mm. As shown in Figure 3b, the near-field mode profile of the HC-ARF in our experiments can be approximated as quasi-single-mode (see previous work for details of the design and simulation results [16]).



As shown in Figure 4a, we optimize the coupling of the trapping laser beam into the HC-ARF by adjusting a set of mirrors and an achromatic lens with a focal length of 75 mm. According to the law of Gaussian beam propagation in space, the trapping laser beam leaving from the HC-ARF has a waist of approximately 2 mm after passing through the lens. Figure 4b,c illustrate the far-field mode profiles recorded by a charge-coupled device camera (CCD) during and after the optimization, respectively. Moreover, we evaluate the optimization of the coupling by the overlap integral factor [28,29] between the far-field mode and a standard Gaussian mode with an MFD of 4 mm. The overlap integral factors in Figure 4b,c are 0.948 and 0.986, respectively.




3.2. Loading of Atoms into the HC-ARF


The atomic cloud is cooled and trapped from rubidium vapor in 1.0 s by an MOT with an efficiency of   5.7 ×  10 8     / s   . The cooling laser beam is red-detuned from the 87Rb D2    | F = 2 〉 → |   F ′   = 3 〉    transition, while the repump laser beam is resonant on 87Rb D2    | F = 1 〉 → |   F ′   = 2 〉    transition. After the   10.0    G / cm    gradient magnetic field is turned off, we perform a 25 ms long polarization gradient cooling (PGC). The atomic cloud is further cooled by linearly decreasing the detuning of the cooling laser beam from   − 18.0   MHz   to   − 100.0   MHz   and ramping down the optical power of each laser beam from   10.0   mW   to   2.0   mW  . Turn off the repump laser beam   1.0   ms   before the end of the PGC. Then, the cooling laser beams will pump all the 87Rb atoms to the   | F = 1 〉   state. The pushing laser beam, resonant on the 87Rb D2    | F = 2 〉 → |   F ′   = 3 〉    transition, is then used to horizontally heat the remaining atoms in the   | F = 2 〉   state. After the process of building, the atomic cloud contains approximately   1.0 ×  10 8    at 5.0 μK with an initial diameter of 1.3 mm in the vertical direction.



After turning off the cooling and repump laser beams in MOT, the atomic cloud is freely released from approximately 2.7 mm above the tip of the HC-ARF. We then turn on the 852 nm trapping laser beam to create a FORT that restricts the movement of atoms. As the atomic cloud expands, many of the atoms are lost. Only a fraction of the atoms that spatially overlap with the trapping laser beam and have temperatures lower than the local FORT are trapped and guided toward the HC-ARF under gravity. As shown in Figure 5a, the darker line indicates the trapped atoms. Since the trapping laser beam is turned on instantaneously, the loading of atoms into the HC-ARF in our experiments is a non-adiabatic process. As the atoms move toward the tip of the HC-ARF, the FORT becomes deeper, resulting in a higher temperature of the atomic cloud. The heating mechanism has been attributed to the transverse compression of the atomic cloud by the funnel-shaped FORT [25] and the intensity modulation from the higher-order modes [26].



We measure the radial temperature of the atomic cloud inside the HC-ARF using the time-of-flight (TOF) method [15,20], and a typical time sequence is shown in Figure 2b. After a loading time t of about 30.0 ms, all the trapped atoms are loaded into the HC-ARF. The trapping laser beam is then turned off, allowing the atomic cloud to expand freely. After an expansion time  τ , we send the probe laser pulses to measure the optical depth (OD). The resonant optical depth   OD  r e s    is calculated as [22]


   OD  r e s    ( τ )  ≈ OD  ( τ )   [ 1 + 4  ( δ / Γ )  + I /  I s  ]  ,  



(3)




where  Γ  is the natural linewidth,  δ  is the detuning of the probe laser pulse, and I and   I s   refer to the optical field intensity and saturation intensity, respectively. As shown in Figure 5b, the dashed line is a fit with an equation as follows [30]:


   OD  r e s    ( τ )  ≈  OD 0     k B  T / U   1 +  k B  T / U + 4  k B  T  τ 2  /  (  m a   ω m  )    ,  



(4)




where   k B   represents the Boltzmann constant,   m a   is the atomic mass of 87Rb,   ω m   is the waist of the mode-field diameter inside the HC-ARF,   OD 0   is the optical depth at the center of the HC-ARF when   τ = 0  , and U refers to the depth of the FORT. With a trap depth of 100 μK, the radial temperature T of the atomic cloud loaded into the HC-ARF is estimated to be approximately 20 μK. The resonant optical depth   OD  r e s    when   τ = 0   is about 50, corresponding to an atomic number of   5.0 ×  10 4    [22].




3.3. Preparation of Zeeman-Insensitive State


After the process of loading, the 87Rb atoms in the   | F = 1 〉   state will be uniformly distributed in three sub-levels    |   m F   = 0 , ± 1 〉    with a bias magnetic field of   100   mG  . In this case, the number of atoms in the Zeeman-insensitive state    | F = 1 ,   m F   = 0 〉    is   1 / 3   of the total number of atoms. To increase the population in the Zeeman-insensitive state, we pump 87Rb atoms to the target sub-level    |   m F   = 0 〉    using a 10.0 μs long pump laser pulse with an optical power of tens of nanowatts, resonant on 87Rb D2    | F = 1 〉 → |   F ′   = 0 〉    transition. The propagation direction of the pump laser pulse and the direction of the bias magnetic field are both along the HC-ARF. Therefore, the transitions of the 87Rb atoms driven by the pump laser pulse can be decomposed into   σ +   and   σ −   transitions, excluding the  π  transition. Under the transition rules in Figure 6a, the 87Rb atoms in the sub-levels    |   m F   = − 1 〉    and    |   m F   = + 1 〉    are pumped to the Zeeman-insensitive state by the   σ ±   transitions, respectively. In addition, the dipole matrix element for the    | F = 1 ,   m F   = 0 〉 → |   F ′  = 0 ,  m F   = 0 〉    transition is zero [31]. In this case, the 87Rb atoms in the sub-level    |   m F   = 0 〉   , regarded as a ‘dark state’, no longer interact with the pump laser pulse. Theoretically, all the 87Rb atoms will eventually be distributed in a Zeeman-insensitive state    | F = 1 ,   m F   = 0 〉   .



The pumping efficiency is measured by performing a microwave Raman spectrum. After the pump process, a microwave  π  pulse with a magnetic field component parallel to the quantization axis and a Rabi frequency of   2 π × 25.0   kHz   are applied to pump the atoms from the    | F = 1 ,   m F   = 0 〉    state to the    | F = 2 ,   m F   = 0 〉    state. For the estimation of the normalized population of the 87Rb atoms, we send three probe laser pulses into the HC-ARF and detect the transmission of these pulses using an APD. All the probe laser pulses have a detuning of   − 10.0   MHz   from the 87Rb D2    | F = 2 〉 → |   F ′   = 3 〉    transition, an optical power of   10.0   nW  , and a pulse width of 10.0 μs. During the process of detection, the first laser pulse is used to detect the 87Rb atoms in the   | F = 2 〉   state. After a repump laser pulse with a pulse width of 5.0 μs, the second laser pulse detects all the 87Rb atoms inside the HC-ARF. As a reference, the third laser pulse detects the optical power after all the 87Rb atoms have been lost. The voltage values   V 1  ,   V 2  , and   V 0   converted by the APD correspond to three probe laser pulses, respectively. The normalized population of the 87Rb atoms inside the HC-ARF is calculated as


   P  F = 2   =   OD 1   OD 2   ,  



(5)




where    OD 1  = − ln  (  V 1  /  V 0  )    and    OD 2  = − ln  (  V 2  /  V 0  )    refer to the ODs of the 87Rb atoms in the two detection windows. As shown in Figure 6b, the red and blue dashed lines indicate the microwave Raman spectra with and without the pump laser pulse, respectively. After a pump laser pulse, the peak value of the normalized population   P  F = 2    increases from about   0.3   to nearly   1.0  . Therefore, the pumping efficiency is close to   100 %  , and the 87Rb atoms in the Zeeman-insensitive state    | F = 1 ,   m F   = 0 〉    are approximately   5.0 ×  10 4    with a trap depth of 100 μK.




3.4. Atom Interferometer


3.4.1. Raman Laser Pulses


The Raman laser pulses are generated by a tunable diode laser with a one-photon detuning of   Δ = − 863.67   MHz   from 87Rb D2    | F = 2 〉 → |   F ′   = 2 〉    transition. After modulation by an electro-optic modulator (EOM), the sidebands are produced at 87Rb ground-state hyperfine splitting of    ω HFS  ≈ 2 π × 6834.68   MHz  . In our experiments, a pair of Raman laser pulses for a two-photon Raman transition consist of the carrier and the   + 1  -order sideband. However, the   − 1  -order sideband and carrier also create another two-photon Raman transition with opposite phases. The other higher-order pairs are far-detuned, and their contribution to the effective Rabi frequency is negligible. In this case, the effective Rabi frequency   Ω e   is approximated as [32]


   Ω e  =    Ω 0   Ω  + 1     2 Δ     ω HFS   Δ +  ω HFS    ≈ 0.89  Ω  R +   ,  



(6)




where   Ω 0   and   Ω  + 1    refer to Rabi frequencies of the carrier and the   + 1  -order sideband, respectively. Equation (6) indicates that the effective Rabi frequency of Raman laser pulses in our experiments has a reduction factor of about   0.89  . In addition, to cancel out the DLS of 87Rb ground-state hyperfine levels introduced by Raman laser pulses, the power ratio between the carrier   P 0   and the   + 1  -order sideband   P 1   is configured as follows [33]:


    P 0   P 1   =    1  120 (  ω HFS  −  Δ 1  )   +  1  8 (  ω HFS  −  Δ 2  )   +  1  5 (  ω HFS  −  Δ 3  )   +  5  24  Δ 1    +  1  8  Δ 2       1  120  Δ 1    +  1  8  Δ 2    +  1  5  Δ 3    −  5  24 (  Δ 1  +  ω HFS  )   −  1  8 (  Δ 2  +  ω HFS  )     ,  



(7)




where   Δ i   refers to the one-photon detuning from the 87Rb D2    | F = 2 〉 → |   F ′   = i 〉    transition. According to Equation (7), the power ratio    P 0  /  P 1    of a pair of Raman laser pulses is finally set to 1.72:1 by adjusting the amplitude of the EOM phase modulation.




3.4.2. Doppler-Insensitive Interferometry


Prior to demonstrating a tightly trapped atom interferometer inside the HC-ARF, we perform Doppler-insensitive interferometry to show the upper limit of the coherence time in our experiments by implementing a spin-echo sequence. As shown in Figure 7a, the retro-reflection optical path is blocked, and the direction of the Raman laser pulses is co-propagating in Doppler-insensitive interferometry. The polarization of Raman laser pulses is configured as    σ +  -  σ +    by adjusting the quarter-wave plates in Figure 1a. In this case, the effective wave vector experienced by the 87Rb atoms is   (  k 1  −  k 0  )  , corresponding to a gravity sensitivity about five orders of magnitude lower than that of Doppler-sensitive interferometry.



The efficiency of the co-propagating Raman laser pulses is estimated by performing Raman spectra inside the HC-ARF. Trapped atoms are pumped from the    | F = 1 ,   m F   = 0 〉    state to the    | F = 2 ,   m F   = 0 〉    state by a pair of  π  Raman laser pulses with an effective Rabi frequency of   2 π × 9.26   kHz  . Figure 8a,b illustrate the measured normalized population versus the two-photon Raman detunings and Raman pulse durations, respectively. The blue squares in Figure 8 are fitted to a sinc function. The resonance peak of the fitted line shows a shift of approximately   2 π × − 0.34   kHz  , which corresponds to the average DLS introduced by a 100 μK FORT (see previous work for details [16]). In addition, the red squares in Figure 8 are fitted to a damped sinusoidal function. The maximum efficiency of a pair of co-propagating Raman laser pulses with a  π  pulse width of 54 μs is approximately   80 %  .



After determining the Rabi frequency and the pulse width of the Raman laser pulses,   π / 2 - π - π / 2   Doppler-insensitive interferometry is performed inside the HC-ARF. By scanning the phase   ϕ 3   of the third   π / 2   Raman laser pulses, we observe two Doppler-insensitive interference fringes with interrogation times   2 T   of   2   ms   in Figure 9a, corresponding to the far-field mode profiles of the trapping laser beam during and after the optimization, respectively. The contrasts, obtained from the fitting results of the measured data points in Figure 9a according to Equation (1), are   0.59   and   0.28  , respectively. Under non-optimal coupling conditions, both the trapping and Raman laser beams excite higher-order modes as the   852   nm   and   780   nm   laser beams in this paper are coupled into the HC-ARF through the same PM-SMF and optical paths. The red squares in Figure 9a show that the inhomogeneity of the   852   nm   laser beam mainly leads to an increase in the residual DLS (or additional phase) and a decay in the contrast C of the interference fringe, while the inhomogeneity of the   780   nm   laser beam leads to the inefficiency of the co-propagating Raman laser pulses and a decrease in the amplitude A of the interference fringes. In addition, the blue triangles in Figure 9a suggest that optimizing the coupling of the trapping laser beam is effective in suppressing the DLS caused by the spatial inhomogeneity of the FORT along the fiber.



To estimate the coherence time   T ∗  , we further measure Doppler-insensitive interference fringes with different interrogation times   2 T   under the condition of optimal coupling. It is difficult to decouple the residual DLS, the inhomogeneity of the second-order Zeeman shift along the HC-ARF, the intensity fluctuations of the trapping laser beam, and the vibration noise from the laboratory, which cause the decoherence of a   π / 2 - π - π / 2   Doppler-insensitive interferometry inside the HC-ARF. In this case, we fit the contrast regarding the interference fringe in Figure 9b by the usual exponential decay as the interrogation times increase:


  C  ( T )  =  C 0   e  − T /  T ∗    ,  



(8)




where the coherence time   T ∗   is defined as the time T for the fitted curve to decay to   1 / e   of the maximum contrast   C 0  . According to Equation (8), the coherence time   T ∗   of Doppler-insensitive interferometry with a   100   μ K   FORT is about   13.4   ms  , corresponding to interrogation times of   2 T = 26.8   ms  . In contrast, the coherence time   T ∗   of the atomic cloud in a   π / 2 - π / 2   microwave Ramsey sequence is less than   3.0   ms   with the same trap depth of 100 μK (see previous work for details [16]). The experimental results indicate that the inhomogeneous dephasing introduced by the DLS has been effectively reversed in a spin-echo sequence by optimizing the coupling of the trapping laser beam into a quasi-single-mode HC-ARF. In future work, we plan to monitor and stabilize the optical power of the trapping laser beam, replace a uniform bias magnetic field, and use a vibration isolation platform to further extend the upper limit of the coherence time in our experiments.




3.4.3. Doppler-Sensitive Interferometry


Unlike Doppler-insensitive interferometry, the polarization in Doppler-sensitive interferometry is configured as lin ⊥ lin and the direction of Raman laser pulses is counter-propagating, corresponding to an effective wave vector of (   k 1  +  k 0   ). As shown in Figure 1a, the transmission of NPBS and the re-coupling efficiency of the Raman laser pulse are approximately   45 %   and   70 %  , respectively. Therefore, the retro-reflection optical path in our experiments results in an attenuation factor  η  of approximately   0.14   on the optical power of the incident Raman laser pulse. The counter-propagating Raman spectrum of the 87Rb atoms inside HC-ARF is measured by scanning the two-photon Raman detunings of the Raman laser pulses with a  π  pulse width of 10.0 μs. Since the polarization extinction ratio of the counter-propagating Raman laser pulses in our experiments is only about   20   dB  , one Doppler-insensitive resonance peak with a line width of about   50.0   kHz  , which ideally should not exist, can still be observed in Figure 10. As the 87Rb atoms fall along the HC-ARF, the two Doppler-sensitive resonance peaks in the Raman spectrum exhibit opposite shifts, which correspond to the two pairs of counter-propagating Raman laser pulses (diagonal and antidiagonal) in Figure 7b, respectively. At a loading time of t, the Doppler shift   2  ω D    between two Doppler-sensitive resonance peaks is calculated as follows:


   ω D  =  (  k 1  +  k 0  )  ·  v 0   ( t )  ≈ 2  k 1  ·  v 0   ( t )  ,  



(9)




where   v 0   represents the center velocity of the atomic cloud. According to Equation (9), the center velocity of the atomic cloud along the HC-ARF at a loading time of   t = 30.0   ms   is about   0.41    m / s   . The axial velocity distribution of the atomic cloud inside the HC-ARF introduces Doppler broadening to the counter-propagating resonance peak, resulting in a broadened full width at half maximum (FWHM) of approximately   360   kHz  .



We then perform   π / 2 - π - π / 2   Doppler-sensitive interferometry inside the HC-ARF by scanning the phase   ϕ 3   of the third   π / 2   Raman laser pulses. Figure 11a shows the Doppler-sensitive interference fringes with different  π  pulse widths   τ π  . Due to Doppler broadening, the Raman laser pulses with a  π  pulse width of   2.5   μ s   (red squares) can pump more 87Rb atoms than the Raman laser pulses with a  π  pulse width of   10.0   μ s   (blue triangles). The measured data points of the blue triangles and the red squares are fitted with Equation (1), corresponding to contrasts of   0.08   and   0.26  , respectively. As shown in Figure 11b, we perform the same atom interferometry at different positions inside the HC-ARF. During the time interval from 30 to   50   ms  , the movement range of the atoms is approximately   10.2   mm   according to the kinematic equation. With the increase in the loading time t, the phase offset of the interference fringe remains relatively consistent, although the contrast gradually decreases. We also plot Doppler-sensitive interference fringes with different trap depths in Figure 11c. As the dipole trap becomes shallower, the contrast regarding the interference fringes increases due to the decrease in the DLS introduced by the FORT [20] and the lower temperature of the atomic cloud inside the HC-ARF [22].



To fit the coherence time   T ∗  , we measure Doppler-sensitive interference fringes with different interrogation times   2 T  . Figure 12a illustrates the contrast versus interrogation times under the condition of a  π  pulse width    τ π  = 2.5   μ s  . The coherence time, estimated from the damped curve, is about   43.3   μ s  . Compared to the Doppler-insensitive interferometry, the coherence time of the Doppler-sensitive interferometry is reduced by a factor of several hundred when using the same trap depth of   100   μ K  . This indicates that the contrast regarding the Doppler-sensitive interference fringes in our experiments is not mainly limited by the residual DLS caused by the trapping laser beam.



We attribute the decay in the contrast to the inefficiency of the counter-propagating Raman laser pulses. One reason for the inefficiency is the wide axial velocity distribution (or the high axial temperature) of the atomic cloud. In a three-pulse Mach–Zender interferometer, the normalized population in   | F = 2 〉   state is calculated as follows [34]:


   P  F = 2   = ∫   |  M  π / 2    M π   M  π / 2         c 1   ( t )         c 2   ( t )       |  2  · d v ,  



(10)




where   c 1   and   c 2   represent the probability amplitude that the atom is in the   | F = 1 〉   and   | F = 2 〉   states at time t, respectively. M denotes the matrix corresponding to Raman laser pulses:


  M =      cos  Ω τ / 2  − i sin  Ω τ / 2  δ  ( v )  / Ω     − i  e  i  δ ( v ) t + ϕ    sin  Ω τ / 2   Ω e  / Ω       − i  e  − i  δ ( v ) t + ϕ    sin  Ω τ / 2   Ω e  / Ω     cos  Ω τ / 2  + i sin  Ω τ / 2  δ  ( v )  / Ω      ,  



(11)




where  τ  is the Raman laser pulse duration,  ϕ  is the phase of the Raman laser pulse,   δ ( v )   is the two-photon Raman detuning due to the Doppler shift, and the axial velocity v is Gaussian-distributed.   Ω e   and   Ω =    Ω  e  2  +  δ 2   ( v )      refer to the effective Rabi frequency and the generalized Rabi frequency, respectively. To demonstrate that the axial velocity distribution is a main obstacle to improving the coherence time, we numerically calculated the Doppler-sensitive interference fringes corresponding to different Doppler shifts according to Equations (10) and (11). The probability amplitudes of the atoms in the   | F = 1 〉   state before the three-pulse Raman laser are    c 1   ( t )  = 1   and    c 2   ( t )  = 0  , respectively. A  π  Raman laser pulse has a pulse width of   2.5   μ s  , and the interrogation times   2 T   are   200   μ s  . We then plot the integration results in Figure 12b by scanning the phase   ϕ 3   of the last   π / 2   Raman laser pulses. The Doppler broadening values of the blue triangles, red squares, and green dots in Figure 12b are   360.0   kHz  ,   3.6   kHz  , and   1.8   kHz  , corresponding to contrasts of   0.08  ,   0.39  , and   0.79  , respectively. The results of the theoretical calculations illustrate that a wide axial velocity distribution leads to the smearing of the Doppler-sensitive interference fringes.



Another reason for the inefficiency includes the irregular modes of the counter-propagating Raman laser pulses along the HC-ARF. The current setup is designed to optimize the coupling of the   852   nm   laser beam. Under non-optimal conditions, a small number of higher-order modes are excited when the   780   nm   laser beams are coupled from the bottom into the HC-ARF, as shown in Figure 13a. Moreover, more higher-order modes inside the HC-ARF can be observed after re-coupling the   780   nm   laser beams from the top to bottom, as shown in Figure 13b. In this case, the counter-propagating Raman laser pulses cannot produce a constant effective Rabi frequency for the 87Rb atoms.






4. Conclusions


In conclusion, we have demonstrated a tightly trapped atom interferometer inside the HC-ARF. By optimizing the coupling of the trapping laser beam into a quasi-single-mode HC-ARF, the inhomogeneous dephasing introduced by the DLS is effectively reversed. This optimization results in a coherence time of   13.4   ms   in Doppler-insensitive interferometry with a   100   μ K   FORT. The significant decay regarding the contrast in the Doppler-sensitive interferometry is primarily attributed to the inhomogeneity of the Raman laser pulses. This issue can be further solved by replacing the HC-ARF with a strong suppression of the higher-order modes [27,35] and employing an achromatic coupling setup for multi-wavelength circumstances. We also expect to suppress the Doppler broadening and improve the efficiency of the Raman laser pulses by atomic velocity selection [36,37] or Raman sideband cooling for tightly trapped atoms [5,38]. Our long-term goal is to enhance the performance of the tightly trapped atom interferometer inside the HC-ARF to the level of Doppler-insensitive interferometry. This would result in an inertial sensitivity (fundamentally limited by the atom shot noise   σ  s h o t   ) of approximately   1.4    mGal / shot    with   5 ×  10 4    atoms,   2 T = 20   ms   interrogation times, and a contrast of   0.2  . Our work establishes an important step towards a fiber-guided atom interferometer that has the potential for inertial sensing at arbitrary orientations and in dynamic environments such as space, airborne, shipborne, and underwater.
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Figure 1. Experiment details: (a) diagram of the experimental system. PM-SMF, polarization-maintaining single-mode fiber; CCD, charge-coupled device camera; PBS, polarizing beam splitter; NPBS, non-polarizing beam splitter; MOT, magneto-optical trap; SDM, shortpass dichroic mirrors; APD, avalanche photodetector. The APD is used to detect the transmission power of the probe laser pulses. The blue and yellow arrows correspond to   780   nm   and   852   nm   laser beams, respectively; (b) 87Rb D2 transition hyperfine structure and frequency configurations of the laser beams. 
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Figure 2. Time sequence: (a) in the interferometry experiment, the laser-cooled atoms inside the HC-ARF are trapped radially by the the   852   nm   laser beam; (b) in the experiment of measuring the radial temperature of the atomic cloud, the   852   nm   laser beam needs to be turned off before detecting the optical depth of different expansion times  τ . 
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Figure 3. A 7-core hollow-core anti-resonant fiber: (a) microscopic view of the cross-section; (b) the near-field mode profile with   40 ×   magnification. In the pseudo-color image, red and blue colors represent the strongest and weakest optical intensities, respectively. 
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Figure 4. Far-field mode profiles: (a) the setup of the HC-ARF coupling scheme; (b) the far-field mode profile during the optimization; (c) optimized far-field mode profile captured by the CCD. 
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Figure 5. Loading of atoms into the HC-ARF: (a) absorption images of the atomic cloud above the HC-ARF at different loading times t. A coordinate system is established, in which the tip of the HC-ARF is considered as the origin; (b) resonant optical depth   OD  r e s    versus expansion time  τ . Each data point is an average of five repetitions, and the curve is a fit with Equation (4). 
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Figure 6. Optical pumping: (a) Zeeman sub-levels of 87Rb and the transition rules. Red cross indicates that the 87Rb atoms in the sub-level    |   m F   = 0 〉    no longer interact with the pump laser pulse; (b) microwave Raman spectra with and without the pump laser pulse. The measured data points are fitted to the sinc functions. 
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Figure 7. Configuration of Raman laser pulses: (a) co-propagating. The polarization is configured as    σ +  -  σ +   ; (b) counter-propagating. Two pairs of lin ⊥ lin polarized Raman laser pulses (diagonal and antidiagonal). 
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Figure 8. Doppler-insensitive Raman transition: (a) normalized population versus Raman detunings; (b) normalized population versus pulse durations. 
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Figure 9. Doppler-insensitive interferometry inside the HC-ARF: (a) interference fringes with interrogation times   2 T   of   2   ms  . The red squares and blue triangles correspond to the far-field mode profiles of the trapping laser beam during and after the optimization, respectively. Each data point is an average of three repetitions with the standard deviation; (b) contrast versus interrogation times   2 T   under the condition of optimal coupling. Each data point corresponds to an average of three fitting results from the interference fringes, and the curve is a fit with an exponential decay function [see Equation (8)]. 
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Figure 10. Doppler broadening of Raman transition due to the axial velocity distribution. The error bars are the standard deviation of the average of three experimental runs. 
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Figure 11. Doppler-sensitive interference fringes: (a) with different  π  pulse widths   τ π  , and interrogation times   2 T = 60   μ s  . The error bars are the standard deviation of the average of three repetitions; (b) at different loading times t. The interrogation times are   60   μ s  , and the trap depth is   100   μ K  . The error bars represent the standard deviation of three experimental runs; (c) with different depths U. The interrogation times are   60   μ s  , and the loading time is   50   ms  . Each data point is an average of three repetitions with the standard deviation. 
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Figure 12. Doppler-sensitive interferometry inside the HC-ARF: (a) contrast versus interrogation times   2 T  . Each data point corresponds to an average of three fitting results from the interference fringes, and the damped curve is a fit with Equation (8); (b) interference fringes with different Doppler shifts. The contrasts of the blue triangles, red squares, and green dots are   0.08  ,   0.39  , and   0.79  , respectively. 






Figure 12. Doppler-sensitive interferometry inside the HC-ARF: (a) contrast versus interrogation times   2 T  . Each data point corresponds to an average of three fitting results from the interference fringes, and the damped curve is a fit with Equation (8); (b) interference fringes with different Doppler shifts. The contrasts of the blue triangles, red squares, and green dots are   0.08  ,   0.39  , and   0.79  , respectively.



[image: Photonics 11 00428 g012]







[image: Photonics 11 00428 g013] 





Figure 13. The irregular far-field mode profiles of Raman laser pulses: (a) coupling into the HC-ARF from the bottom; (b) re-coupling from the top to bottom. 
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