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Here we show an ultra-low noise regime of operation in a simple quantum memory in warm
87Rb atomic vapor. By modelling the quantum dynamics of four-level room temperature atoms, we
achieve fidelities >90% for single-photon level polarization qubits, clearly surpassing any classical
strategy exploiting the non-unitary memory efficiency. This is the first time such important threshold
has been crossed with a room temperature device. Additionally we also show novel experimental
techniques capable of producing fidelities close to unity. Our results demonstrate the potential of
simple, resource-moderate experimental room temperature quantum devices.

PACS numbers: 42.50.Ex, 42.50.Gy

I. Introduction

Robust and operational room temperature quantum
devices are a fundamental cornerstone towards building
quantum networks composed of a large number of light-
matter interfaces [1, 2]. Such quantum networks will be
the basis of the creation of quantum repeater networks
[3] and measurement device independent quantum cryp-
tography links [4, 5]. Given the recent success in the
creation of elementary playgrounds in which single pho-
tons interact with atoms in controlled low temperature
environments [6-10], the next technological frontier is the
design of interfaces where such phenomena can be per-
formed without extra-cooling [11-15]. The big challenge
for such room temperature operation is to defeat the in-
herent strong atomic motion, decoherence and a consid-
erable amount of background photons present [16-23]. A
pertinent metric of these effects is the SBR, defined as
1/q, where 7 is the retrieved fraction of a single excitation
stored in a quantum memory and g the average number
of concurrently emitted photons due to background pro-
cesses.

II. Quantum memory setup and storage parameters
optimization.

Our experimental setup includes four aspects of utmost
relevance in order to allow for high SBR and quantum
memory fidelity at the single-photon level:

a) Dual rail operation. We store pulses containing on
average one qubit in warm 87Rb vapor using electromag-
netically induced transparency (EIT). Two independent
control beams coherently prepare two volumes within
a single 8"Rb vapor cell at 60° C, containing Kr buffer
gas, thus serving as the storage medium for each mode
of a polarization qubit. We employed two external-
cavity diode lasers phase-locked at 6.835 GHz. The
probe field frequency is stabilized to the 55 ,,F = 1
— 5P1/2F’ = 1 transition at a wavelength of 795 nm
(detuning A) while the control field interacts with the
5S81/9F =2 — 5Py ;5" = 1 transition.

b) Control field suppression. Polarization elements sup-

ply 42 dB of control field attenuation (80% probe trans-
mission) while two temperature-controlled etalon res-
onators (linewidths of 40 and 24 MHz) provide additional
102 dB. The total probe field transmission is 4.5% for all
polarization inputs, exhibiting an effective, control /probe
suppression ratio of 130 dB.

¢) Background/efficiency compromise. The storage ef-
ficiency and the number of background photons posses
different dependence on the control field power. Opti-
mal qubit storage fidelities are obtained for non-maximal
storage efficiency. A combination of these three tech-
niques have been used in our previous investigation to
obtain fidelities >75% with storage efficiencies ~ 5% [24].
d) Probe temporal duration. Best impedance matching
between the field and the EIT storage medium is achieved
by temporal shaping of the probe field pulses. In our
previous work we have experimentally characterized the
optimal temporal bandwith of the probe photons to be
~ 500 ns, using feed-forward cascaded storage [25].

III. Full quantum model of room temperature
operation.

Surpassing any classical strategy exploiting non-
unitary memory efficiencies requires increasing the SBR
substantially. To do so we have developed a model of
the quantum dynamics of the room temperature quan-
tum memory. We start by considering atoms exhibiting
a four-level energy level scheme interacting with two laser
fields, €2, (probe) and . (control), with one-photon de-
tunings Aq3 and Asg respectively (here Ajz = Ags, see
Fig. 1b). We include the off-resonant interaction of the
control field with a virtual state |4). The phenomenolog-
ical Hamiltonian describing the atom-field coupling in a
rotating frame is:

H= (—A13+ A)d11 — (A1 — Aoz)bao

O, FE, 631 — Q.E.039 — ———— Q. F.041—
pLp031 032 wis + A 041
a
———Q.FE.040 — (A13 — o h.c,
ot A e Ga2 — (A13 — wy3)0as + h.c

where A is the laser detuning, « is the coupling strength
to the virtual state, 6;; = |i)(j|,4,j = 1,2,3,4 are the
atomic raising and lowering operators for i # j, and
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FIG. 1: (a)Dual-rail quantum memory setup. Probe: red beam paths; control: yellow beam paths; BD: Polarization Beam
Displacer; GLP: Glan Laser Polariser; SPCM: Single Photon Counter Module. The color-code bar depicts the strength of
the collective atomic excitation. (b) Rubidium D1 line four-level scheme describing the transitions used in the description of
the efficiency and background response. |1) and |2) (ground states), |3) (excited state), |4) (off-resonant virtual state) and A

(one-photon laser detuning).

the atomic energy-level population operators for i = j
and E,(z,t) and E.(z,t) are the normalized electric field
amplitudes of the probe and control fields. We use the
master equation:

p=—ilH,p|+ Z L3m(26m3p03m — G33p — po33)
m=1,2

+ Z L (260m4pGam — Gaap — pO44)

m=1,2
+I'12(26021p612 — G11p — po11)
together with the Maxwell-Bloch equation, 0, E,(z,t) =

iQ”CN (631(2, 1)), to calculate the expected retrieved pulse
shape Eoyr(t) and the storage efficiency bandwidth re-
sponse n(A). Here L is the atomic sample length, I'’s
being the decay rates of the excited levels, ¢ is the speed
of light in vacuum and N the number of atoms.

The room temperature response is calculated by con-
volving two storage efficiency bandwidths n;(A) and
12(A) (corresponding to two excited states in the rubid-
ium D1 line manifold, blue line in Fig. 2b) with a distri-

bution A(A) = A(27v/\) = WV;’:/QE 1+(2A1)2/W3‘ We have

set Wy to 960MHz to include also pressure broadening
effects (obtained from a fit on the measured transmission
profile (Fig. 2a)). Defining A = A; = Ag+jAep we cal-
culate the response as n(A;) = > 1"  A(A)N(Aj ).
The resultant broadened storage bandwidth nrp(A) is
presented in Fig. 2b (solid red line). We also account
for the varying optical depth at different A by multiply-
ing nrr(A) by the measured transmission profile Trr(A)
(see Fig. 2a). The resultant is the room temperature ef-
ficiency bandwidth (see Fig. 2c red line).

We perform storage experiments for 1/v/2(|H) + |V))
qubits with a storage time of 700 ns over a A region of
4 GHz. Figure 2c compares these results to our model.
The most striking observation is that the maximum stor-
age efficiency is not achieved on atomic resonance, but
at detunings beyond the Doppler width. The maxi-
mum efficiencies are at A = 500 MHz (red detuned) and
A= 1.3 GHz (blue detuned).
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FIG. 2: (a) Measured transmission profile Trr(A). (b) Cold
atom storage bandwidths 11 (A) and n2(A) for the two excited
states of the rubidium D1 line manifold (the blue line is a mas-
ter equation prediction of the storage bandwidth) and room
temperature storage bandwidth nrr(A) (the solid red line is
the result of the convolution with a velocity distribution). (c)
Overall efficiency response x (nrr(A))(Trr(A)) (solid red
line) and storage experiments over a 4 GHz scan region with
a central frequency at the F =1 to F’ = 1 D1 line rubidium
transition (blue dots). The error bars are statistical.

IV. Single-photon level background reduction.

Having found non-trivial regions of optimal operation,
we now simulate the quantum dynamics of the atomic
system when no probe field is present. The contribu-
tion of the Stokes field in the memory background is



calculated using an extra term to E,(z,t) relative to
(642(2,t)). The numerical values used are I's,,, = 3M H z,
T'4m = 1GHz and the decoherence rate between ground
states 0.1kHz. The background response Q(A) is the
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FIG. 3: (a) Cold atom background response Q(A) (dashed
red-line) featuring the contributions of incoherent scattering
and Stokes fields; etalon transmission profile (dashed blue
line); convoluted response indicating the background trans-
mission through the filtering elements (solid blue line); ex-
perimental background measurement for A = —500 MHz
(green dots), 0 MHz (purple dots) and +500 MHz (black
dots); technical background (brown dotted line). (b) Cold
atom background bandwidths Q1(A) and Q2(A) for the two
excited states of the rubidium D1 line manifold (the purple
dotted line is a master equation prediction of the background
bandwidth); warm atom background response Qrr(A) ((the
solid red line is the result of the convolution with a velocity
distribution)); background measurements vs. A (blue dots).
(¢) Predicted room temperature signal to background ra-
tio SBRrr x (nrr(A))(Trr(A))/(QrT(A)) (solid red line);
SBR experimental measurements (blue dots). The error bars
are statistical.

combination of two quantum fields. Firstly, from transi-
tion |1) to |3), which is narrow and associated to photons
incoherently scattered from state |3). This is a result of
population exchange with the virtual state |4) mediated
by decoherence rates between the ground state |1) and
|2). Secondly, from the |2) to |4) transition, which is

broad and associated to photons scattered from the
virtual state |4) (Stokes field) through an off-resonant
Raman process (see dotted red line in Fig. 3a) [21, 26].
These two fields differ by 13.6 GHz.

We test our model by detecting background photons
passing our filtering elements after exciting the atoms
only with control field pulses (fixed A, varying etalon
detunings, dots in Fig. 3a). These measurements are
accurately resembled (see solid blue line in Fig. 3a) by
convoluting Q(A) with the etalon transmission function

EA) = (1-A)* (dashed blue line in Fig. 3a).

1+R2—2Rcos(;"75%)
The total response is the sum of two convolutions cal-
culated separately for each of the response background
components (dotted red line in Fig 3a) and normalized
to the input number of background photons before the
etalon. We have used R= 0.9955, A=2 % 10~* and a
FSR= 13.6GHz.

We obtain the room temperature background response
Qrr(A) by considering two background responses Q1(A)
and Q2(A) (corresponding to two excited transitions of
the rubidium D1 manifold, see blue dotted line in Fig.
3b) and convoluting them with the velocity distribution
of the moving atoms (see Fig. 3b red line). This model
is in agreement with measurements of the background
with fixed etalon detunings and varying A. Our final
model for the room temperature SBR is calculated as
SBRrr = (Mrr(A)(Trr(A))/(Qrr(A)) (solid red line
in Fig. 3c) and accurately predicts the features of the
SBR measurements, with an optimal operational point
corresponding to A = 500 MHz from the central F' = 1
to F’ =1 resonance.

V. Ultra-low-noise storage of polarization qubits.

The predicted optimal performance region is probed
by using a one-photon detuning A ~ 250 MHz (red de-
tuned), and storing light pulses with an average (n) =1
photons and |H) polarization using only a single rail of
the setup. The result shows a SBR of ~6 for a storage
time of 700 ns and a coherence of a few microseconds
(See Fig.4a). Universal qubit operation is verified by us-
ing the dual-rail setup sending in and retrieving three
sets of orthogonal polarizations, where now the back-
ground is inevitably twice that of the single rail. Our
outcome was an average qubit SBR of 2.9 +0.04 with
an average efficiency of 5.1% =+ 0.07 for the six polar-
ization states |H),|V),|D),|A),|R),|L) within a region
of interest (ROI) of 400 ns (equal to the input pulse
width) upon switching the control field (See Fig. 4b).
The polarization of each of the retrieved qubit states
is obtained with the following procedure [24]: (a) mea-
surement of the polarization of all the input states, (b)
qubit storage experiment and determination of the out-
put Stokes vectors (Sout), (¢) rotation of input states to
match the orthogonal axis of the normalized stored vec-
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FIG. 4: (a) Single rail storage with SBR of about 6 where the
histogram of photons counts shows the retrieved signal (dark
blue bars) compared background counts (light blue bars), the
original pulse is shown by the dotted black line. Inset: SBR
vs. storage time (black dots) and experimental fit (redline).
(b) storage efficiencies for six different input polarizations us-
ing the dual rail system.

tors (S;,) and (d) evaluation of the total fidelity using
F= %(1 + Sout - Sin + \/(1 —Sout - Sout)(l —Sin - Szn))
We obtained an average fidelity of 86.640.6%. This result
is well above 71%, the fidelity achievable by a classical
memory applying the intercept-resent attack and 83.6%,
the maximum fidelity achievable considering the more
elaborate classical strategy exploiting the non-unitary
character of the memory efficiency, for a system using
attenuated coherent states with (n) = 1 and storage ef-
ficiency of 5% [27]. Furthermore, by reducing the ROI
below 400ns, the qubit SBR is improved to 3.7 £0.09
corresponding to fidelities of ~ 90%.

VI. High-SBR quantum memory operation.

We have assumed the background response Q(A) to
be a combination of two quantum fields produced by
different physical mechanism and differing by 13.6 GHz.
We have tested this concept by replacing one of the
etalons in the filtering system with a similar unit with
different free spectral ratio. This allow us to eliminate
the background produced by scattering from the virtual
state |4).
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FIG. 5: a) Noise reduction by introducing an auxiliary field
(dashed red), the interaction between dark-state-polaritons
creates a background free region. Retrieving the probe within
this interval results in a SBR, >25 for the retrieved probe field.
b) Storage of light at the few photon level with storage times
7 =1lps (n=11%, blue), 7 =14us (n=5.6%, red), T =28us
(n=3.1%, orange) and T =42us (n=1.1%, purple).

Moreover, we have pioneered a new noise reduction tech-
nique in order to show the pathway towards noise-free
high fidelity operation. We achieve Noise Elimination
using a Self Interacting Spinor (NESIS) by applying an
additional weak auxiliary beam on resonance with the
581/2F = 1 — 5P, ;pF" = 1 transition that remains
on during the complete storage procedure. We create
an interaction between two dark-state-polariton modes
(spinor components), one formed by the auxiliary field
and €., and one by 2. and the scattered photons from
state |3) [28]. The interaction between the spinor com-
ponents results in maxima/minima in the background
noise depending on the phase relation between the
auxiliary and control fields, independently from the
probe field. By storing and retrieving the probe light
with a small two photon detuning we further guarantee
independence between the two processes, thus creating a
noise-free region without altering the retrieved photons.
A numerical modelling of the complex spinor component
interactions involved in the NESIS technique is currently



being developed and it will be published elsewhere.
Figure 5a shows the obtained maxima/minima together
with storage of pulses with (n) = 6 and an increased con-
trol field power in order to highlight the aforementioned
dynamics. By controlling the phases of the auxiliary
and control fields using passive elements, we overlap the
retrieved pulse with the noise-free region (see Fig. 5a),
translating into a SBR > 25 for the single-photon level
case.

Applying the NESIS technique together with active
phase control in each of the qubit rails in the polariza-
tion quantum memory shown above will allows us to
achieve corresponding qubit fidelities > 98%. Having
such noise-reduction techniques in place will permit the
use of higher optical depths and control field powers,
leading to storage efficiencies above 50%, already estab-
lishing our system as a viable alternative to cryogenic
and cold-atom technologies [27, 29, 30]. Our results are
a viable alternative to techniques using either cavity
suppression [31], or ultra-fast pulse operation [32-35].
We finish our investigation by improving the achievable
storage times. We have used a different cell with a
different amount of buffer gas and a low collisional
depolarization cross-section (30 Torr Neon) and achieved
storage times of ~ 50 us at the few-photon-level (see Fig.
5b). By adding anti-relaxation coatings to the interior
cell walls, storage times of ~ 1 ms are within reach [36].

VII. Summary.

In conclusion, we have shown the experimental
road-map to achieve noise-free room temperature qubit
memory operation. Our full quantum analysis of the
memory generated background noise made it possible to
design and implement techniques to fully suppress it.

These important developments allowed us to surpass for
the first time with a quantum room temperature device,
all-important thresholds related to the performance of
the memory in a quantum communication setting.

Our realization is already suitable for memory assisted
device independent quantum key distribution. This
important quantum protocol only needs attenuated
coherent states and the relevant parameter is the
Quantum Bit Error Rate (QBER, related to the qubit
fidelity as 1 — F'), which is independent from the memory
efficiency [37]. In a separate experiment our memory
has worked in a shot-by-shot basis when probed with
random polarization qubits [38], paving the way for
interconnection with polarization entanglement.
Together with the development of heralding mechanisms,
we envision this technology to become the backbone of
future quantum repeater applications based upon out-
side of the laboratory storage and retrieval of entangled
states [39].
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