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Abstract

:

The use of statistical estimation theory to boost the metrological performance of the measurement apparatus is becoming increasingly popular in a wide range of applications. Recently, such an approach has been adopted in Hong Ou Mandel interferometry, setting a new record in time delay and polarization measurement. Here, we extend these pioneering experiments in the telecom range to unlock the full potential of the information-based approach combined with a versatile spectral range, aiming for its adoption in fiber-coupled devices of up to hundreds of kilometers long as bobines or optical networks. Our measurement saturates the Cramér-Rao bound and in a long lasting experiment returns an Allan deviation of the polarization angle of 0.002 degs in 1 h of integration time.
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1. Introduction


The Hong Ou Mandel (HOM) effect was observed more than 30 years ago, pioneering the quantum technology era.



Namely, when two indistinguishable photons impinge on two ports of a beam splitter (BS), they come out of the same port as a consequence of their bosonic character.



In 1987, Prasad, Scully, and Martienssen published a theoretical paper [1] describing the unitary transformation relating input and output modes of a beam splitter. In the same year [2], Ou, Hong and Mandel deduced the expression of the field at BS output in terms of the input state through diagonal coherent state representation, noting that “with respect to any measurements involving simultaneous photon detections at output ports, the state behaves in the same way as the well-known singlet state for two orthogonally polarized photons”. A few months later [3], the same authors experimentally demonstrated the interference of two identical photons on a BS obtaining the characteristic ’dip’ in coincidence detection at the BS output. The authors presented this result in the context of a precise timing measurement as an extension of classical techniques to measure short pulses using auto-correlation and nonlinear generation.



Lately, increasingly better performances have been achieved thanks to technological advancement [4,5], innovative schemes [6,7,8,9] and light engineering [10,11,12]. The HOM effect is at the heart of many novel applications for quantum light generation [13,14], sensing [15] or fundamental physics tests [16] (see [17] for a comprehensive review).



Advances in quantum estimation theory (QET) led to the introduction of the Fisher Information analysis as a valuable tool in the field of parameter estimation to infer the value of a quantity of interest by inspecting a set of data from the measurement of a different observable, or set of observables [18]. This analysis was first applied to HOM interferometry by Lyons et al. [19]. This innovative approach assisted in reaching a photon time delay resolution of as low as a few attoseconds for a dual arm configuration interferometer, overcoming the previous best resolution obtained in common path configuration [20].



This information-based approach to HOM interferometry for delay measurement has been recently extended to polarization state metrology in the visible wavelength range [21].



In this paper, we extend the results of Harnchaiwat et al. to a telecom range [21] with a fiber-coupled setup, paving the way to future compact and full fiber-coupled applications.




2. Materials and Methods


2.1. Experimental Setup


A twin photon source (TPS, 1. with respect to Figure 1) has been employed to perform polarization-based HOM interferometry. This source is provided with an internal continuous wave (CW) laser pump with a center emission wavelength at 775 nm, illuminating a periodically-poled litium-niobate (PPLN) crystal optimized to achieve the best performances for type-II spontaneous parametric down conversion (SPDC) at 1550 nm when stabilized at a temperature of 33.9 °C.



The twin photon pairs (emmitted from (TPS 1. in Figure 1)) are separated in two parallel paths employing a near-infrared polarizing beam splitter (PBS, 2. in Figure 1) and then coupled in fiber by means of collimating fiber coupler ports.



On one of the two paths, we places a half-wave plate (HWP, 7., as shown in Figure 1) mounted on a rotational stage to align the two polarizations and restore the indistinguishability of the pair. One of the two fiber ports is mounted on a linear translation stage (3. in Figure 1) to compensate for an arms length mismatch. The interference is obtained by coupling each path into a fiber coupled   50 / 50   beam splitter input (6. in Figure 1). The BS outputs are coupled to two thermo-electrically cooled single photon avalanche diode (SPAD) detectors (4. in Figure 1) connected to a time-tagging device to record single counts on each detector and coincidence counts between detectors (5. in Figure 1).



Software developed in LabVieW was employed to drive the rotational stage for tuning the polarization mismatch between interfering photons and to collect data from the time tagger.




2.2. Setup Preparation


Before each measurement, the alignment check procedure was carried out to maximize the single counts on either one or the other detector, blinding one fiberport at each time. The second step consists of reaching the center of the HOM dip, characterized by a minimum in the coincidence counts, with all other conditions being equal. This condition is achieved by translating one fiber port with respect to the other until the paths’ length mismatches are compensated for. Misalignments and temperature-induced or mechanical fiber stretch may change the HOM dip center position over time, worsening the degree of distingushability  α . The measurement routine consists of a LabVieW “while loop”, assigning a value of    θ i  / 2   to the HWP, corresponding to a mismatch angle between interfering photons of    θ i  ∈  [  0 ∘  ,  180 ∘  ]    then acquires and exports both the single counts of each detector and the coincidence counts to a log file. A single loop consists of    N s  = 91   acquisitions, each one corresponding to an angle    θ i  =  θ  i − 1   + Δ θ  , where   Δ θ =  2 ∘   . Each acquisition lasts for   2.1   s, bringing the whole loop to an overall acquisition time of   191.1   s. A   5 h  -long measurement was performed, corresponding to a log file containing    N r  = 100   loops. A Python script was employed for all subsequent data analyses.





3. Result and Discussion


3.1. Reconstruction of Hong-Ou-Mandel Interference Pattern


Harnchaiwat et al. presented and discussed a theoretical model for Hong–Ou–Mandel interference in polarization-dependent two-photons interferometry in [21]. According to this model, adjusted for linearly polarized photons, the interference function describing the experimental results in the j-th loop (for   j = 0 , … ,  N r  − 1  ) can be written as follows:


     N 2   (  θ  i j   )    N  1 i j    =   1 −  γ j    3  γ j  + 1   ·  1 −  α j  ·  ( 1 −  cos 2   (  θ  i j   −  Θ j   )    ∀ i = 0 , … ,  N s  − 1  



(1)




where    N 2   (  θ  i j   )    represents the number of coincidence counts that occurred during the j-th loop when the HWP was rotated at an angle    θ i  / 2  .   N  1 i j    represents the number of single count events in the same step (estimated as the sum of the total counts in each detector during the step, once the number of coincidence events and the average dark counts are removed).



Equation (1) therefore helps to obtain the degree of distinguishability   α j   (  0 ≤ α ≤ 1  , where   α = 1   represents two identical photons), the optical losses ratio   γ j   (in theory   0 ≤ γ ≤ 1  , but with a detection efficiency of   η = 20 %   on each detector the lower bound rises to   γ ≥ ( 1 −  η 2  ) = 0.96  ) and the HOM minimum   Θ j   (representing the angle at which the two photons display the lowest residual distinguisability). These parameters are then collected and stored in   N r  -long vectors (namely   {  α j  }  ,   {  γ j  }   and   {  Θ j  }  ).



The overall HOM dip    N 2   (  θ i  )  /  N  1 i     is plotted in Figure 2, defined as:


     N 2   (  θ i  )    N  1 i    =  1  N r    ∑  j = 0    N r  − 1      N 2   (  θ  i j   )    N  1 i j     








and it is fit with Equation (1). From the   N r  -fits procedure, the following mean values are retrieved:


   γ m  =  1  N r    ∑ j   γ j  = 0.9981 ,   α m  =  1  N r    ∑ j   α j  = 0.5945 ,   Θ m  =  1  N r    ∑ j   Θ j  =  84.45 ∘   












3.2. Calibration of the Interferometer


As proven in the previous subsection, the fine tuning of the mismatch angle   θ i   affects the coincidence events measured   N  2 i    according to Equation (1). The coincidence events can be used to retrieve the mismatch angle between the interfering photons experimentally, which is considered as a parameter (whereas a mismatch angle with an unknown parameter is written as   θ ˜  ).



The standard approach to perform this task [19,21] involves the maximum likelihood estimation (MLE). The conditional probability to observe a certain outcome can be described as   P  (  N 0  ,  N 1  ,  N 2  | θ , α , γ )  =  P 0  N 0    P 1  N 1    P 2  N 2    , where   N k   represents the number of times the   k = 0 , 1 , 2   detectors click.



The likelihood function, by definition, is   L (  θ ˜  , α , γ , Θ |  N 0  ,  N 1  ,  N 2  ) =    P (  N 0  ,  N 1  ,  N 2  | θ , α , γ , Θ )  .



The most likely value of   θ ˜   when the outcome   (  N 0  ,  N 1  ,  N 2  )   is measured is therefore the one maximizing  L , or equivalently   log L  . Hence:


   ∂  θ ˜   log L  (   θ ˜   M L E   , α , γ , Θ |  N 0  ,  N 1  ,  N 2  )  = 0 ⇒  N 1   P 2  =  P 1   N 2   








This leads to    θ ˜   M L E    as:


    θ ˜   M L E   = Θ + arccos      N 1  −  N 2    1 + 3 γ   1 − γ     α (  N 1  +  N 2  )      








The vectors   {  γ j  }  ,   {  α j  }   and   {  Θ j  }   extracted via fit in the previous subsection can be employed to evaluate    θ ˜   i j    according to the following mapping:


    θ ˜   i j   =       Θ j  +  90 ∘  ,     if   A  i j   ≤ 0        Θ j  ,     if   A  i j   > 0  and     A  i j     α j   (  N  1 i j   +  N  2 i j   )     ≥ 1        Θ j  +  (  180 π  )  arccos     A  i j     α j   (  N  1 i j   +  N  2 i j   )         otherwise      



(2)




where    A  i j   =  N  1 i j   −  N  2 i j    (   3  γ j  + 1   1 −  γ j    )   .



In free space, where only electro-magnetic self-sustained propagation through air is involved and where there is no polarization distortion,   θ ˜   obeys:


   θ ˜   ( θ )  = Θ +  | θ − Θ |   








This is the case, at least, for areas far from the points of discontinuity of the map in Equation (2). In a setup employing a fiber-coupled BS, however, the previous equation does not necessarily hold true and should be replaced. To expand to greater orders, the underlying polynomial function is the most straightforward way to proceed. The calibration function then becomes:


   θ ˜   ( θ )  = Θ +  ∑  l = 1  6   k l    | θ − Θ |  l   



(3)







The matrix    {  θ ˜  }   i j    obtained from Equation (2) has been therefore employed to evaluate the mean values     θ ˜  i  = 1 /  N r   ∑ j    θ ˜   i j     and their deviations   σ i  . Both experimental     θ ˜  i   (  θ i  )    and its calibration with Equation (3) (  Θ =  Θ m   ) are reported in Figure 3, together with the free space-case for comparison.



Figure 3 shows that the only non-fitting data points are the ones close to the center angular point in Equations (2) and (3) (i.e.,   θ =  Θ m   ).




3.3. Fisher Information and Cramér-Rao Bound


If   { x }   is a set of possible outcomes and  Λ  is a parameter influencing these outcomes, the Fisher Information associated with the   Λ ˜   retrievable via MLE is defined as follows:


   F Λ  =  ∑ x      ∂ Λ  P  ( x | Λ )   2   P ( x | Λ )    








where   P ( x | Λ )   represents the conditional probability that the event x occurs, given the parameter  Λ . The outcome for the lower bound on the possible variance   σ 2   for a parameter   Λ ˜  , evaluated experimentally through   N  t o t   , is given by the saturation of the following inequality:


   σ 2   (  Λ ˜  )  ≥  1   N  t o t    F Λ     








known as “Cramér-Rao bound”.



If x represents the event of a single detector click, (when both photons come out from the same port of the BS and no coincidence is measured, also referred to as photon bounching) and   θ i   is the parameter influencing the outcome, the Fisher Information associated with the experimentally retrieved    θ i  ˜   can be calculated as follows [21]:


  F  (  θ i  )  =     ( 1 − γ )  2   ( 1 + γ )   α 2   sin 2   2 (  θ i  − Θ )     ( 1 − α  cos 2   (  θ i  − Θ )  )   ( 1 + 3 γ +  ( 1 − γ )  α  cos 2   (  θ i  − Θ )  )     



(4)







The comparison between the standard variances   σ    θ ˜  i   2   (retrieved from the matrix    {  θ ˜  }   i j   ) over the   N r   measurements and the theoretical Fisher Information   F (  θ i  )   as reported in Equation (4) can help to investigate how close the system is to the saturation of the Cramér-Rao bound.



  N  t o t   , the number of observations performed, corresponds to the total number of photons (without losses) involved in the HOM interference, and can be estimated as follows:


   N  t o t   =  1  N r    ∑ j     N  1 i j   +  N  2 i j     1 −  γ j 2    ≈  1  N r    ∑ j    N  1 j    1 −  γ j 2     








The quantities   1 / (  N  t o t    σ 2   (   θ ˜  i  )  )   have been calculated for each   i = 0 , … ,  N s    and compared with the Fisher Information function   F (  θ i  ,  α m  ,  γ m  ,  Θ m  )  . The result is shown in Figure 4.



The comparison shown in Figure 4 proves that the system employing fiber-coupled components is capable of saturating the Cramér-Rao bound for mismatch angles   θ i   far from the points of non-derivability in Equation (2). Due to both the piecewise definition of the function    θ ˜  i  , and the intrinsically Poissionan nature of photons generation and detection (where coherent sources are employed), the number of experimental angles   θ i   misclassified as either  Θ  or   Θ +  90 ∘    increases the closer   θ i   is to  Θ  or to   Θ ±  90 ∘   , respectively. At fixed   θ i  , the more points that are misclassified as, for example,   Θ +  90 ∘   , the lower the variance   σ (  θ i  )  . The result is a variance lower than the theoretical limit, but reflecting no underlying physical meaning. Such a feature does not affect the maxima of the Fisher Information function, representing the positions where the measurement should be performed in order to minimize the variance in the outcome.



Note that the red curve in Figure 4 does not represent a fitting function but it is the theoretical model without free parameters.




3.4. Allan Deviation Analysis


The measurements presented have been performed at a constant acquisition time-per-point of   τ = 2.1   s, chosen as a trade-off between an acceptable signal to noise ratio on the photon detection (  ∝ η   N  1 i j    ,   η 2    N  2 i j    ∝ τ  ) and an acquisition time per ramp    N s  τ   that is short enough to consider negligible any fluctuation on  α ,  γ  and  Θ  during the single ramp.



A statistical analysis is mandatory for identifying the different noise contributions and for determining signal stability over time. The most widely employed statistical tool to perform this study is the Allan–Werle analysis [22], originally devised for the study of frequency stability of precision oscillators.



With    { y }  s  ,   s = 1 … M   as an M-long ensemble of subsequent measurements acquired with an acquisition time   τ 0  , displaying a standard deviation   σ  (  τ 0  )  =  σ 0   , the Allan deviation at acquisition time   τ = m  τ 0    is calculated as (  K = M / m  ):


  σ  ( τ )  =    1  2 ( K − 1 )    ∑  k = 1   K − 1       Y ¯   k + 1    ( τ )  −   Y ¯  k   ( τ )   2     








where    Y ¯  k   is the mean value of the k-th cluster of m values   {  y  m ( k − 1 )   , … ,  y  m k   }  . It is therefore possible to plot   σ ( τ )   as a function of   τ = {  τ 0  , … ,  ( M / 2 )   τ 0  }  , namely the “Allan plot”.



The maximum of the Fisher Information occurs (as can be seen in Figure 4) at    θ F  =  123.42 ∘   , and in turn corresponds to a minimum in   σ   θ ˜  F   .   θ F   represents the natural candidate to perform a long term stability measurement, starting at    τ 0  = 2   s. The Allan deviation plot of   σ   θ ˜  F    is reported in Figure 5.



The Allan deviation analysis reported in Figure 5 suggests that the system is capable of evaluating    θ ˜  F   with a deviation    σ   θ ˜  F    ( τ )  =  0.002 ∘    after the integration time   τ = 1   h.





4. Conclusions


In this paper, the study on Hong–Ou–Mandel interference and Fisher Information as a tool for single photon metrology, pioneered by Lyons et al. in [19] and addressed in polarization by Harnchaiwat et al. in [21], has been further extended from the visible to near-infrared range, proving the reliability of this experimental method in the telecommunication range and with fiber-coupled devices. This study proved that even a non-polarization-maintaining system operating in the near-infrared range is capable of achieving an Allan deviation of    σ   θ ˜  F    ( τ )  =  0.002 ∘    at   τ = 1   h integration time during the evaluation of polarization mismatch, and to successfully saturate the Cramér-Rao bound.



The work presented will pave the way towards compact, fiber-coupled single photon metrology via Hong–Ou–Mandel interferometry optimized through Fisher Information analysis.
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Figure 1. Scheme of the experimental setup employed to perform HoM interferometry in polarization. (1.) Twin photon source, (2.) polarizing beam splitter, (3.) linear translation stage, (4.) single photon avalanche diodes detectors (SPADs), (5.) time tagger, (6.) fiber coupled beam splitter and (7.) half-wave plate (HWP) mounted on motorized rotational stage. This figure is obtained via Fusion 360. 
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Figure 2. Experimental values for    N 2   (  θ i  )  /  N  1 i     (black dots) fitted with Equation (1), shown as red straight curve. On the horizontal axis are reported the mismatch angles    θ i  =  0 ∘  , … ,  180 ∘   . 
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Figure 3.    θ ˜   ( θ )    (black dots), its best fit with calibration curve from Equation (3) (blue straight curve), and the free space limit (dotted magenta curve). 
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Figure 4. Experimentally retrieved   1 / (  N  t o t    σ 2   (   θ ˜  i   ) )   as a function of   θ i  , black dots. Theoretical model without free parameters   F (  θ i  ,  α m  ,  γ m  ,  Θ m  )   (straight red curve). 
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Figure 5. Allan deviation of    θ ˜  F  , evaluated from long-term measurement. 
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