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Abstract: An experimental platform operating at the level of individual quanta and providing
strong light-matter coupling is a key requirement for quantum information processing. In our
work, we show that hollow-core photonic bandgap fibers filled with laser-cooled atoms might
serve as such a platform, despite their typical complicated birefringence properties. To this end,
we present a detailed theoretical and experimental study to identify a fiber with suitable properties
to achieve operation at the single-photon level. In the fiber, we demonstrate the storage and
on-demand retrieval as well as the creation of stationary light pulses, based on electromagnetically
induced transparency, for weak coherent light pulses down to the single-photon level with an
unconditional noise floor of 0.017(4) photons per pulse. These results clearly demonstrate the
prospects of such a fiber-based platform for applications in quantum information networks.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical quantum information processing [1] requires generation, processing and detection of
individual photons. Huge efforts have been dedicated to building high-brightness single-photon
sources [2], implementing efficient quantum memories [3,4], and developing schemes to provide
strong light-matter coupling, allowing for interactions between individual photons [5].

A powerful approach towards high memory efficiency [6] and interaction between photons
is based on electromagnetically induced transparency (EIT) in atomic ensembles [7]. EIT
permits reversible group velocity control, e.g., for light storage and retrieval (LSR) [7] with
on-demand readout, stationary light pulses (SLPs) [8], as well as interactions between light fields
via a Kerr-type nonlinearity [9-11]. SLPs are of particular interest due to their potential for
nonlinear optics at the few-photon level [11-13] and studying many-body physics with light [14].
Although an EIT-driven memory and SLPs with non-classical quantum states were demonstrated
in free-space cold atomic ensembles [15—-17], demonstrations of nonlinear optical interactions
were so far restricted to classical light pulses of large average photon number 7 [18]. Large
nonlinearities require that two photons interact with the same atom simultaneously, which can be
quantified by the optical depth per atom d,,, = o7/ nw% [5], where oy is the atomic absorption
cross-section and wy is the waist of the Gaussian beam. This requires very tight focusing of
the laser beams and thus results in small interaction volumes in free-space setups and, hence,
small optical depths d,,; = oonL, where n is the atomic number density and L is roughly given
by the Rayleigh length. As the coupling strength of light to atomic ensembles as well as the
LSR efficiency is proportional to the optical depth d,,, [19], experimental setups are required
that provide both large d,; and d,,,. Therefore, in recent years there have been efforts to couple
atomic ensembles to waveguides such as hollow-core fibers [20-24], tapered optical nanofibers
[25], and nanoscale photonic crystals [26], which allow for tight transversal confinement of light
and atoms over macroscopic distances.
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So far, single-photon-level SLPs have not been demonstrated in fiber-coupled atomic ensembles
while single-photon-level LSR was demonstrated for broadband photons employing a Raman
protocol with room-temperature atoms coupled to a large-core kagome-structured hollow-core
fiber (core diameter 26 um) [27], and for narrowband photons employing EIT with cold atoms
coupled to optical nanofibers of sub-wavelength diameters [28,29]. While nanofibers provide
a larger djpt at the expense of smaller d,,; [28,29], reverse conditions occur in large-core
kagome-structured hollow-core fibers [30,31]. Hence, a compromise is required, which provides
larger d,,, than kagome-structured hollow-core fibers, while maintaining a large d,. Single-
mode hollow-core photonic bandgap fibers (HCPBGFs) [32] with core diameters below 10 um,
dopr 'S 1000 and d:jp, ~ 4 x 1073 [33] can reach this goal. However, in contrast to nano- and
kagome-type fibers, which can propagate a (quasi-)linearly polarized mode [34,35], HCPBGFs
show uncontrolled coupling between transverse and polarization modes [36]. This is an obstacle
for applications, when polarization control is required. The latter is the case in storage protocols
involving polarization filtering of a strong collinear control beam, e.g., as required for on-demand
readout of a quantum memory. Hence, we require fiber designs, which preserve the polarization
upon low-loss propagation [36,37]. To the best of our knowledge, controlled fabrication of a
polarization maintaining (PM) HCPBGF, has only been realized for a large-core fiber [36]. For
smaller core diameters, only unintentional deformations during the drawing process were shown
to lead to large linear birefringence as in PM fibers [38].

In our work we demonstrate that, despite the difficulties arising from uncontrolled birefringence
in HCPBGFs, these fibers may serve as an efficient platform for optical quantum information
processing. To this end, we store and retrieve narrowband coherent light pulses on-demand,
and create SLPs down to the single-photon level in an ensemble of laser-cooled atoms loaded
into a HCPBGF of core diameter (5.5 - 7.0) um with a d;,,, ~ 1.7 X 1073, Compared to our
previous work, limited to operation at still rather large mean photon numbers beyond 7z ~ 70 due
to polarization issues [39], we mainly achieved this milestone by identifying a suitable HCPBGF
via a thorough theoretical and experimental analysis of its complicated birefringence properties.
Furthermore, by applying a different fine structure transition for the experiments, we achieved
operation at lower control power, as well as reduced off-resonant absorption and inhomogeneous
ac Stark shifts. With an increased efficiency and improved signal-to-noise ratio (SNR) by roughly
two orders of magnitude, we perform a first systematic study of optimum conditions for SLPs in
a waveguide.

2. Birefringence characterization of a HCPBGF

HCPBGFs can be produced with core diameters below 10 um, approaching values of d;,, close to
the case of nanofibers. However, they normally show large uncontrolled birefringence [36,38,40],
which is typically due to structural defects close to the core, with dimensions much smaller
than the periodicity of the HCPBGF cladding structure [41]. So far, there has only been a
demonstration of a PM HCPBGF for a large core diameter [36]. To the best of our knowledge,
HCPBGFs of core diameter <10 um, with large transmission and good PM properties, are
currently not available. Therefore, we have to stick with the available HCPBGFs, carefully
analyze their birefringence properties, and optimize the experimental conditions for applications
using these fibers. Thus, in the following we present a detailed analysis to identify a suitable
commercial fiber for experiments at the quantum level.

A detailed theoretical analysis of the polarization properties of light transmitted through a
HCPBGTF, including linear ¢ and circular birefringence y, is presented in the Appendix A. There
we show that by measuring the orientation 6 of the output field’s main axis, given by
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and the degree of linear polarization (DOP), given by

~ - 2
DOP= \/1 ~4cosy sin4 (sin2cos$ + cos2ising siny ) @)

we obtain the linear and circular birefringence properties ¢ and y, respectively, as well as the
orientation 3 of the optical axis in the fiber [see Fig. 1(b)]. Here, § = # — 3 and &,y are the
electric field amplitudes in the (x, y)— directions. The angles 6, 8 and 3 are all measured with
respect to the horizontal axis as shown in Fig. 1(b).
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Fig. 1. (a) Schematic experimental setup for measuring the birefringence properties of a
HCPBGE. PBS: polarizing beam splitter; GTP: Glan-Thompson polarizer; HWP: half-wave
plate; BS: beam splitter. (b) Scanning electron image of the central region of our HCPBGF.
The fiber core has an aspect ratio of about 0.8:1. The orientation of the optical axis 3 (blue)
can differ from the main axis of the elliptical core (red). (c) Measured DOP (red) and output
polarization direction o (blue) after the HCPBGF (symbols) as a function of linear input
polarization direction 6 for a wavelength of 780 nm. The black lines are simulations based
on Eq. (1) and Eq. (2). (d) Calculated DOP (red) as a function of fiber length / and absolute
rotation of the input polarization (blue) using the same parameters as in (c). For a length of
[ < 3.5cm and an input angle 6 = S the polarization can be maintained sufficiently well, if
we assume DOP > 0.99 and A# < 0.035.

We thus study the DOP and the polarization direction 6" at the output of the HCPBGF as a
function of linear input polarization direction . To this end, a piece of fiber is placed behind a
polarizer and an adjustable half-wave plate, while the output polarization is determined with an
adjustable polarizer (analyzer) [see Fig. 1(a)]. Starting with an almost perfectly linear-polarized
input field [DOP = 0.999985(5)], the input orientation 6 is aligned by an achromatic half-wave
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plate (aHWP), which impairs the input polarization to DOP > 0.9984. The angular dependence
of the transmitted power P(:?) is analyzed with a Glan-Thompson polarizer and normalized to the
input power Py, resulting in P(#)/Py = b + a sin(#), where ¥ is the orientation of the analyzer.
This yields DOP = a/b. The orientation § corresponds to the angular position of the maxima
(or the position of minima offset by 7/2, as the determination of the latter is more precise).
Due to the excitation of surface modes it is important to make sure that only the approximately
Gaussian-shaped mode transmitted through the core is analyzed. This can be achieved by spatial
filtering using a pinhole. Higher-order modes that can propagate through the cladding zone
considerably reduce the DOP.

The results for a commercial fiber (NKT Photonics HC-800-02) of length / ~ 22 cm and
cross-section as shown in Fig. 1(b) are depicted in Fig. 1(c) for a wavelength of 780 nm. We find
good agreement between the measured data (symbols) and the theory based on Eq. (1) and Eq.
(2) (solid lines) for the values

¢ =164.84(5), y=050(5), B=0.1502).

All angles throughout this paper are given in radian. Note that in general both linear and circular
birefringences ¢ and y, respectively, are only defined by integer multiples of 2. However, with a
wavelength-sweeping technique [42], the exact value of ¢ can be determined. Hence, we require
two measurements of the DOP for different wavelengths 1; # A, with DOP(6, 1;) ~ DOP(6, 1).
More details can be found in [42]. As the latter condition is not fulfilled for a fiber of length
[ ~ 22cm, we used a shorter fiber of length / » 2cm to determine ¢(/ ~ 2cm). We then
extrapolated ¢(I = 22 cm) =~ %(l)(l ~ 2cm) = 167(1). This value is then used as a starting
point to fit the theoretical dependence to the experimental data while slightly changing ¢ by
+27. Here, the importance of the fit of () becomes apparent. Only both fits together identify
one unique ¢ in the given range. Regarding the circular birefringence y, we characterized
several fiber pieces of different lengths / and always obtained values for y < that scale linearly
with [, thereby removing the uncertainty of n2x. Comparing the polarization beat length
Ly = 2nl/¢ = 8.0(8) mm, to common glass fibers with typical L, of several meters and PM fibers
with L, in the range of millimeters, in fact, we find our HCPBGF can be assigned rather to the
latter kind. However, there are some twists.

The DOP obviously depends strongly on the input polarization orientation. The maximum
DOP,ax = 0.9925(10) for an input orientation § = —0.035(17) and output orientation ' =
0.332(17) shows, that for certain input orientations, the HCPBGF can almost maintain the input
DOP although the polarization is rotated in the lab frame. For purely linear birefringence (y = 0)
the polarization direction would be maintained in the lab frame when the input polarization is
aligned to the optical axis of the HCPBGF and the optimum DOP would be reached. However,
when 6 matches the optical axis 8 = 0.15(2) we get DOP = 0.93(2) and 6" = 0.419(35), i.e., the
polarization direction is rotated and the DOP is reduced. This is due to the circular birefringence
x # 0. In Fig. 1(d) the deviation between output and input polarization direction for 8 = 8
and the DOP is depicted as a function of the fiber length. For / < 3.5 cm we indeed can reach
DOP > 0.99 and the change of the orientation in the lab frame A6 < 0.035 is very small.
For a fiber lengths / 2 3.5 cm a good DOP can be maintained only by choosing a different
input polarization orientation 6 # 8, which is necessary due to the small circular birefringence
of our fiber. We specifically note that this optimum input orientation neither coincides with
the HCPBGF’s geometric main axis [red arrow in Fig. 1(b)], nor with the measured optical
axis orientation . This clearly illustrates the importance of a careful characterization of the
polarization properties of such HCPBGFs before applying them in experiments.

Finally, inspection of both fiber facets by a microscope lead to the surprising finding that the
fiber has an intrinsic twist of 0.068(52)/cm. The optical axis is therefore rotating along the fiber
length. We compensated this by untwisting the fiber for the measurements shown in Fig. 1.
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Other measurements (not shown here) for different external twists up to 7 showed that the twists
are still too small to affect the measured birefringences ¢ and y. Such twists of angle a, however,
have to be considered in Eq. (1) by adding 6" + a.

Also measurements at a wavelength of 787 nm yielded similar birefringence values [¢ =
166.08(7), x = 0.18(5)], i.e., the predominantly linear birefringence is maintained over a
wavelength range of at least several nanometers. This dominating linear birefringence of our
fiber is probably due to the elliptical core with an aspect ratio of around 0.8:1 [41] and/or the two
larger holes in the first ring of the cladding. Without this large asymmetry, the birefringence
properties might be even more complex [40] and we would not be able to maintain the linear
polarizations of the laser beams as they propagate through the HCPBGF. This would inhibit
efficient polarization filtering at the output and prevent using the HCPBGF for experiments at the
single-photon level that we will discuss in the remaining part of this paper.

3. Experimental setup

We now turn to a presentation of the experiments on LSR and SLPs using the previously
characterized HCPBGF. The schematic experimental setup is shown in Fig. 2(a). We implement
the experiment with cold ®’Rb atoms, loaded from a magneto-optical trap (MOT) into the
HCPBGF, involving a far off-resonant optical trap (FORT) to guide the atoms inside the fiber and
prevent collisions with the room-temperature fiber wall [33]. The FORT laser system uses two
superimposed orthogonally-polarized laser diode beams at 820 nm. With a trapping power of
110 mW inside the HCPBGF, we obtain a trap depth of around 4 mK. The probe laser is locked
with an offset of 76 MHz to the transition 52S; 2, F=1¢ 5%p, 12, F " = 1 via bichromatic
saturation absorption spectroscopy [43]. The control laser is phase-locked to the probe yielding a
two-photon linewidth of ~ 8 kHz [see coupling scheme in Fig. 2(b)]. Acousto-optic modulators
(AOMs) modulate the laser beam intensities and shift the frequencies to the required detuning.
Probe and control fields have orthogonal linear polarizations, which are launched into the
HCPBGEF such that the strong control is best suppressed at the detector. To adjust the linear
polarizations of all fields inside the HCPBGF at wavelengths of 780 nm, 795 nm, and 820 nm,
we use aHWPs. We suppress the direct background noise of the control beam collinear to the
probe by frequency filtering using a monolithic etalon [44] with an attenuation of ~ 45 dB and
by polarization filtering, aligning the input polarizations to the HCPBGF according to the results
in Sec. 2. This attenuates the control beam by up to 86 dB. Working on the D; instead of the D,
line with a larger transition strength for the control field, we gain another 8 dB in background
noise suppression while maintaining a large Rabi frequency, with much reduced ac Stark shifts
by off-resonant levels. This yields a total background noise reduction of 20 dB compared to our
previous work.

HCPBGF

“gravity

12)

etalon s |1>

Fig. 2. (a) Simplified experimental setup. PBS: polarizing beam splitter, DM: dichroic
mirror, SPCM: single-photon counting module. (b) Level scheme for EIT-based LSR and
SLPs. |1,2) = 5285, F = 1,2,and |3) = 52P 5, F = 1.
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The transmission of the probe beam from the HCPBGF to the detector is 0.13(1). We detect the
transmitted photons by a single-photon counting module (SPCM, PerkinElmer, SPCM-AQRH-
12). The TTL output pulses of the SPCM are recorded with a digital oscilloscope of 100 MHz
bandwidth. The oscilloscope is triggered by the start of the first probe pulse. All events are then
recorded during one measurement sequence lasting 200 us (corresponding to 50 measurement
windows separated by 4 us) where the FORT is modulated for each single HCPBGF loading cycle
(see Appendix B.). The temporally resolved transmission signal is then generated via software
analysis by slicing the data into bins of 30 ns width and averaging over the different measurement
time slots as well as 60 different HCPBGF loading cycles, leading to a total of 1500 averages.
The same applies to the background signal which is subtracted from the recorded data.

For more experimental details such as the sequences for loading the HCPBGF and the
measurements see [33,39] and the Appendix B.

4. Experimental results

4.1. Light storage and retrieval of coherent light pulses

In order to demonstrate that the here used HCPBGF is suitable for a quantum memory with
on-demand readout, we now turn to EIT-based LSR. The coupling scheme is shown in Fig.
2(b), where only the forward control field Q/, collinear to the probe, is switched on, while the
backward control field Q. = 0. Details on the LSR pulse sequence can be found in the Appendix
B. EIT creates dark-state polaritons (DSPs) with a moving photonic and a non-moving atomic
coherence between states |1) and |2) [45]. The group velocity of the DSPs can be controlled
by QF. Ramping € adiabatically down to zero maps the photonic DSP component onto the
non-moving atomic component. By ramping the control field back up, the coherence is retrieved
on-demand into a moving light pulse [46]. We modulate the control field with an AOM to
produce storage periods of variable duration 77sg. The measured transmissions for 775z = 200 ns
and 1758 = 500 ns are shown in Fig. 3 in dark blue and red, respectively, for Gaussian probe
pulses of 1/e full width 7, = 150(2) ns and 2 = 17(3) photons per input pulse. Here, 7 is the
average photon number per input pulse as seen by the atoms and accounting for the non-perfect
detection efficiency of 0.13(1).

For reference we show the input probe pulse without atoms loaded into the HCPBGF and a
slow light pulse with constant control Rabi frequency in black and gray, respectively. The solid
lines represent Gaussian least-squares fits to the experimental data. From these fits we obtain a
LSR efficiency of n.sg = [0.51(4); 0.36(4); 0.25(3)] for storage times of 7.5 = [0; 200; 500]
ns, respectively. By analyzing the retrieval efficiency vs. storage time and fitting the data with
an exponential decay we obtain a decay rate of y;; = 0.26(2)I". This is larger than the value
reported in [39] and could be due to an inhomogeneous magnetic field present inside the fiber or
be related to the larger than expected absorption (see Sec. 4.3). In the same figure we also plot
the results for LSR with coherent input pulses containing 77 = 1.1(2) photons (light blue and red).
There is very good agreement between the pulses at the single-photon level and those with higher
photon numbers. This clearly demonstrates that HCPCBGs filled with cold atoms can serve as
an optical memory at the quantum level. The unconditional noise floor is 7,5 << 1 photon per
pulse (see detailed discussion in Sec. 4.3).

4.2. Stationary light pulses

LSR allows for the stopping of light pulses. However, as the photons are converted into atomic
coherences, no light is inside the medium during the storage period, prohibiting nonlinear optical
interactions. In order to reduce the group velocity of the DSPs to zero while maintaining a
photonic component (i.e., a light pulse), a second counter-propagating control beam of Rabi
frequency Q_ can be added while the probe pulse is propagating through the medium driven by
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Fig. 3. Demonstration of LSR down to the single-photon level. Measured normalized
transmission (bars) through the HCPBGF vs. time for input pulses (black) containing
n = 17(3) photons, slow light (SL) (gray), and LSR for 77 5g = 200 ns (blue) and
775R = 500 ns (red). The light blue and red bars correspond to 7 = 1.1(2) photons per
input probe pulse as seen by the atoms. The solid colored lines are Gaussian least-squares
fits to the corresponding experimental data. The dashed colored lines schematically show
the corresponding timing of Q} (). All experimental data are scaled with respect to the
fit amplitude of the input pulse. The parameters are: Q. = 3.6(2)I, dopr = 109(10),
Awgr = 1.2T.

the co-propagating control beam of Rabi frequency € [47]. This creates an all-optical cavity for
the probe pulse and a SLP with a quasi-stationary envelope is formed. Due to the non-vanishing
photonic component of the formed DSPs, nonlinear optical interactions are now possible [11-13].
We therefore demonstrate in the following that also SLPs can be created in a HCPBGF at the
single-photon level. Details on the SLP sequence can be found in the Appendix B. In order to
keep the effective group velocity v, o Qg with Q(z) = ()% + (Q)? [48] of the DSPs almost
constant during the whole experiment, we reduce Q during the SLP period 7g.p, when Q; is on.
This allows for a better comparison with SL data, where Q_ = 0. Without keeping Qﬁ constant,
the effective DSP group velocity would be more than doubled during sz p.

In Fig. 4(a) we compare the transmission through the HCPBGF for four different conditions.
Without atoms loaded into the fiber the input pulse (black, scaled down by a factor of 0.2 for
better comparison) is transmitted as a reference. When Q = 0 and Q is modulated according
to the gray dashed line, we observe a spread-out probe pulse due to the much reduced group
velocity during Atg;p = 150 ns < ¢ < 650 ns (gray bars). When the backward control field
(magenta dotted line) is much stronger than the forward control (magenta dashed line) during
Atgp, with Q7 /QF = 1.84, we observe basically no transmission during Azg;p and only a very
small retrieved probe signal after the backward control is switched off (magenta bars). This small
signal in addition is delayed with respect to the switch-off time of the backward control field. The
delayed read-out can be well-explained by considering the SLP group velocity vgfp = Vgr COS 2¢
with tan? ¢ = |Q7|?/|Q|? [48]. For Q. /QF = 1.84 the SLP propagates backward at around
—0.55 X vy, during Atg;p and thus exits the medium at later times during the retrieval in the
forward direction. In contrast, when Q; and Q_ are nearly balanced for optimum SLP conditions
(blue dashed and dotted lines), there is some leakage of light during 75, p [but reduced compared
to SL (gray bars)] and a significantly larger retrieved probe pulse area after the backward control
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is switched off (blue bars). This is the typical signature of a SLP having a non-vanishing intensity
at the edges of the medium and therefore showing leakage [17,39,47,49]. The probe signal for
times ¢ < 150 ns apparent in the gray, blue and magenta data sets corresponds to the rising edge
of the probe pulses which have already left the medium before the SLP period starts.

As noticed in our previous work on SLPs in a HCPBGF [39], we obtain the largest SLP
retrieval efficiency for Q7 >Q/. This is in contrast to free-space setups, where balanced control
fields are typically used [17,49,50]. Due to the small retrieval efficiency and limited SNR, we
previously were unable perform a systematic study of nszp as a function of the ratio Q7 /QF
during 57 p, where sz p is the relative pulse area retrieved after the SLP period is over. With
the much improved retrieval efficiency and SNR in the present work, we can now study this
dependence. Figure 4(b) shows the results. We clearly obtain the largest SLP retrieval efficiency
after Atgzp, when Q7 ~ 1.2 x Q} during Afgp, i.e., not for balanced control Rabi frequencies
(dashed vertical line). We believe that this is due to the phase-mismatch [see Fig. 4(c) and
[39]]. The backward probe field experiences larger attenuation than the forward probe due to the
phase-mismatch 2w, /¢, where wy; is the hyperfine splitting of the ground states |1) and |2). By
choosing a larger Q_, this phase-mismatch can be compensated to some extend by a stronger
excitation of the backward propagating mode. The maximum SLP retrieval efficiency we obtain
is nsep = 0.16(2), i.e., a five-fold improvement compared to our previous work [39]. Therefore,
nsep is now of the same order as the corresponding n;.sg (see Sec.4.1).

Finally, we consider the generation of SLPs at the single-photon level. SLPs are promising
candidates to achieve nonlinear optical interactions at the quantum level. To this end, we compare
in Fig. 5 the results for weak coherent input pulses containing 7 = 10(2) (dark blue) to 7 = 1.9(4)
photons (light blue) and 72 = 5(1) (dark red) to 7z = 1.1(2) photons (light red) from a different
experimental run. The efficiencies ng;p for higher and lower 71 agree with each other within 3%
for each experimental run, demonstrating that also single-photon level SLPs can be generated and
detected in a HCPBGF. The background noise, obtained by blocking the input probe pulse while
keeping everything else the same, is shown for reference in green. This background corresponds
to an unconditional noise floor of 7,,,;5c = 0.017(4) photons per pulse.

4.3. Discussion

The measured unconditional noise floor 7, for the SLP sequence is much lower than one
photon per pulse and slightly larger than for the LSR sequence, where the medium is driven by a
single control beam only. Therefore, our HCPBGF filled with laser-cooled atoms is a promising
platform for EIT-based quantum information processing without post-selection. Compared to the
Raman memory in [27], 71,,0i5c Obtained in our setup is significantly lower, as we apply cold atoms
and resonant interactions. Compared to a nanofiber-based EIT-memory [28], our noise floor is
comparable. It is worth briefly discussing the (possible) origins of noise in our setup. Currently,
the main contributions are stray light entering the fiber to the SPCM (1 x 10~2 photons per pulse)
and SPCM dark counts (4 x 103 photons per pulse) These are simply technical issues, which
permit further improvement — if required. With the findings on the birefringence discussed in
Sec. 2. leading to a control suppression of 86 dB by polarization and frequency filtering, a direct
contribution of control photons to 7i,,;s. can be estimated as 4 X 104 photons per pulse and is
therefore negligible. Also, noise induced by spontaneous four-wave mixing [51], as observed in
[27], due to the control off-resonantly driving the transition |1) < |3) seems to play a minor
role. Otherwise, the background noise shown in Fig. 5 would depend upon the control Rabi
frequency — which we did not observe. Besides these possible contributions we could identify
the proper preparation of the population in the ground state as a strong contributor to the noise
floor. In addition to the control beam driving the transition 528, 2, F=2e 52p, 12, F "= 1and
preparing the population in |1), we applied a pump beam, oftf-resonantly driving the transition
5281/2, F=2¢& 52P3/2, F' =2 to reduce the noise to the level shown in Fig. 5.
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Fig. 4. (a) Study of SLPs inside a fiber. We show the measured normalized transmission
(bars) through the HCPBGF vs. time. The Gaussian input pulse [black; scaled down by a
factor of 0.2 in (a)] is measured without atoms inside the HCPBGF. All experimental data is
scaled with respect to the fit amplitude of the input pulse. SL (gray) with a modulated Qf
(gray dashed); SLP (blue) for Q} (blue dashed) and Q (blue dotted) slightly unbalanced
during 75z p; backward propagating quasi-SLP (magenta) for QO (magenta dashed) and Q
(magenta dotted) strongly unbalanced during tszp. (b) SLP retrieval efficiency ngzp vs. the
ratio Q /Q/f during the SLP period. The vertical dashed line marks the case of perfectly
balanced forward and backward control Rabi frequencies. (c) Wavevector diagram showing
the phase-mismatch Ak = 27 - 6.835 GHz/c for forward light storage, Ak = O for forward
readout, and Ak = 2x 2x - 6.835 GHz/c for backward readout. &, . are the wavevectors of the
probe and control fields in the forward (+) and backward (—) directions. The parameters are:
dopr ~ 80(5), QF = 3.5(2)I (gray, blue, magenta dashed), Q7 = [2.3(2);3.5(2)]T [(blue;
magenta) dotted], A} = Af =0, A; = +2.5T, 75.p = 500 ns. Note that the Rabi frequencies
given correspond to maximum values of the dashed and dotted curves, respectively.
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Fig. 5. Demonstration of SLPs down to the single-photon level. The Gaussian input
pulse (black) without atoms inside the HCPBGF is shown for reference. SLPs are shown
for 7 = 10(2) [blue; same data as in Fig. 4(a)] and 7 = 1.9(4) photons per pulse (light
blue). Other experimental run for 7 = 5(1) (red) and 7 = 1.1(2) photons per pulse (light
red) as seen by the atoms where the control timing was shifted by —115 ns compared to
the blue data. The background noise, when the input probe pulse is blocked, is shown in
green. The parameters are: dgpr ~ 80(5) (blue), dopr ~ 70(5) (red), Qf = 3.5(2)I" (blue
dashed), Q7 = 2.3(2)I (blue dotted), QF = 3.0(2)T (red dashed), Q; = 2.4(2)I (red dotted)
A; = A} =0,A; = +2.5T, g1 p = 500 ns. Note that the Rabi frequencies given correspond
to maximum values of the dashed and dotted curves, respectively.

Our measured LSR efficiency is comparable to the Raman memory in [27] but significantly
larger compared to related work [28,29] in nanofibers, due to the higher d,, (but lower d;p,) in our
experiment. A comparison of SLP efficiencies to realizations in other waveguides is currently not
possible as our current and previous results [39] represent at the moment the only demonstrations
of SLPs in a waveguide geometry. Although our demonstrated LSR and SLP retrieval efficiencies
are sufficient to reliably detect pulses at the single-photon level, we might expect sz = 0.85
for our d,p; ~ 100 [19]. To investigate this limited efficiency, we studied EIT spectra and
compared the measured data to a numerical simulation including the radially varying control
intensity and atomic density [39]. Detrimental effects due to (inhomogeneous) ac Stark shifts are
much reduced at the D; compared to the D, line. However, the measured peak transmission is
lower than expected from the simulation. For small EIT window widths Awgr = Qf/ F\/LE s
where typically LSR and SLP experiments are performed, this larger absorption simply reduces
efficiencies. For larger window widths, however, this reduced transmission is turned into a single
low-transmission resonance within Awgr, which we did not observe on the D, line for the same
transition [39]. This issue is currently not understood and still under investigation. If solved, this
should lead to even higher LSR and SLP efficiencies.
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5. Summary and outlook

In summary, we demonstrated EIT-based LSR and SLPs for weak coherent light pulses containing
as low as 7 = 1.1(2) photons per pulse, implemented in a medium of cold atoms inside a
HCPBGF. We observed a LSR and SLP efficiency of up to 0.36(4) and 0.16(2), respectively,
with an unconditional noise floor of 71,,,;, = 0.017(4) photons per pulse. This was enabled,
amongst others, by a careful characterization of a strongly birefringent HCPBGF, resulting in
an efficient suppression of noise. With dyp; ~ 100 and d,, ~ 0.0017, our results demonstrate
the potential of HCPBGFs loaded with laser-cooled atoms as an optical memory operating at
the quantum level, while simultaneously providing strong light-matter coupling. Combining
our results with the recent demonstrations of magic-wavelength trapping [52,53] and coherent
guiding [54] in hollow-core fibers or the realization of fiber-integrated cavities [55] we expect
HCPBGF-based platforms loaded with cold atoms to provide exciting possibilities for quantum
information networks.

Appendix
A. Theoretical analysis of the birefringence of a HCPBGF

In analogy to common glass fibers, the HCPBGF used in our experiment, is supposed to be highly
birefringent due to the geometric asymmetry of the elliptic core and the additional symmetry
breaking structural elements inside the cladding zone next to the core [38,40]. To model the
birefringence of the fiber, we assume an in general elliptical birefringence with linear and circular
contributions. The initial light field is linearly polarized with real amplitude & and input
orientation 6, oscillating in the x-y-plane

S - &o, Epcos b
Ez=0=&=| |= . 3)
Eoy Epsin b

We use the Jones formalism with Jones matrix J to describe the effect of the birefringent fiber on
the electromagnetic field

E(t)=JEGz=0,1), E(zi)=Re [é(z)e""“’] , 4)

where we consider only the physically relevant real part. The Jones matrix J for elliptical
birefringence reads [56,57]

¢ .. P P
J Cos 5 — isin 5 €os x —sin 5 sin y 5)
sin % sin y cos% + isin % coSs Y

with ¢ defining the linear and y the circular birefringence.

It is worth mentioning, that (5) provides a fixed main axis. However, in the case of a HCPBGF
this theoretical main axis can differ from the geometrical main axis of the elliptical core [see Fig.
1(b)]. This can be possibly due to a change of its orientation over the fiber length, e.g., by an
intrinsic torsion. We take this variation into account by adjusting the input angle § =  — 8 with
the orientation of the theoretical fixed main axis in relation to the horizontal axis (3, visualized in
Fig. 1(b).



Research Article Vol. 28, No. 4/17 February 2020/ Optics Express 5351 |

Optics EXPRESS i NN

To characterize the birefringence of the HCPBGEF the orientation of the output field’s main
axis can be calculated with (see main document)

, &,(0, ¢,
6 = Re |arctan M
Ex(0, ¢, x)

+B (6)

as well as the degree of linear polarization (DOP). In general this is given by the relation of the
field intensity’s maximum and minimum

DOP = Imax - Imin’ (7)
Imax + Imin
with DOP = 1 for completely linear polarized light.
We wguld like to express DOP as a function of 6. Therefore, we first calculate the general
form of E(z, t). By inserting (3) and (5) into (4) we get

E.(z,t) = A cos(—wt) + B sin(—wt), 8
Ey(z,1) = Ccos(—wt) + D sin(-wt), 9)
with
A=8& [cosécos% — sin@sin y sin %], (10)
B = —SOcos/\/sin%cosé, (1)
C=6& [cosésin%sin/\(+sin6’~cos %] , (12)
D = -&gsinfcos y sin 5. (13)

E(z, 1) fulfills the equation of a rotated ellipse

Cc?+D? A? 4+ B2 AC + BD
Bt B2 BB = (14)
with A = AD — BC. To identify I« and I, we have to bring (14) to the normal form
rE? + rzE}z, = 1, because then

rh -1 4(AD — BC)?
DOP=—— = \/ 1- . 15
ra+rl A2+ B2+ C*+D? (1>
With A2 + B2+ C2 + D? = 85 we finally obtain (see main document)
¢ G ® G d 2
DOP=+4/1-4cos?y sin? 5 (sin29 coss + c0s26 sinz sin)() . (16)

We can use this theoretical model for the DOP in (16) as well as the orientation of the output
field in (6) to fit the experimental data and obtain the linear and circular birefringences.

B. Experimental sequences

The schematic time sequence for loading the HCPBGF with atoms is shown in Fig. 6(a).

The MOT is loaded for 990 ms with a Gaussian-shaped repumper beam in addition to a dark
funnel repumper [33] to increase the number of atoms in the MOT. After the MOT loading phase
the MOT repumper is switched off by a mechanical shutter and only the dark funnel repumper is
left for increasing the density of atoms above the HCPBGF. Simultaneously, the current of the
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Fig. 6. (a) Time sequences of laser and magnetic fields for loading the HCPBGF with atoms.
QP: quadrupole field of the MOT coils; B;: magnetic offset field in the vertical direction
that determines the zero point of the magnetic field and thereby shifts the atom cloud above
the HCPBGF. (b) Sequence of the FORT and depumper for the SL/LSR/SLP experiments.
(c) Sequence of the laser fields used for SL/LSR/SLP measurements.

quadrupole coils is doubled for compression of the cloud and the magnetic offset field in the z—
direction (along the fiber axis) is changed to move the atoms towards the fiber tip. During the
40 ms long shift and compression and the 20 ms long HCPBGF loading phases, the trapping
detuning is ramped from —2.5T" to —5I" for sub-Doppler cooling above the HCPBGEF to increase
the loading efficiency. During the HCPBGF loading phase the atoms are held above the HCPBGF
where the FORT potential is strong enough to guide the atoms into the fiber. A depumper beam,
tuned 133 MHz to the blue side of the transition 2S; 2, F=2e 2P3 12, F " =2, to account for
the ac Stark shift by the FORT, is continuously on and serves to confine the atoms inside the dark
funnel in F = 1 for enhancing the density near the fiber tip. Typically, 10° atoms are loaded into
the HCPBGF.

After loading the HCPBGF is finished at 1050 ms and another 10 ms period for letting the
quadrupole field decay, experimental runs of SL, LSR or SLPs start. The FORT (and the
depumper) are rapidly switched on and off at a frequency of 250 kHz according to Fig. 6(b).
This eliminates ac Stark shifts by the FORT during the measurement windows of 2.5 us duration,
but is still short enough to not lose a significant amount of atoms during this free expansion.
Up to 50 measurements can be done with the same atoms loaded into the fiber, before losses
became noticeable. In each time slot when the FORT is off, SL/LSR/SLP measurements [see Fig.
6(c)] are performed. The first 4 time slots are used to prepare the population in F' = 1 by the
control beam. We do not try to prepare the population in a single Zeeman level. Then, Gaussian
probe pulses of 7, = 150(2) ns 1/e full width are sent into the HCPBGF in the next 25 time
slots. Afterwards, another 25 time slots are used to record the background signal without probe.
Each HCPBGF loading cycle is followed by a reference measurement without atoms inside the
HCPBGF, by keeping the MOT quadrupole field off. We therefore can detect the background due
to the laser fields and due to scattered photons from the atoms inside the HCPBGF independently.
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