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A mirrorless spinwave resonator
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. Optical resonance is central to a wide range of optical devices and techniques. In an optical cavity,
Received: 01 July 2015 : the round-trip length and mirror reflectivity can be chosen to optimize the circulating optical power,

. linewidth, and free-spectral range (FSR) for a given application. In this paper we show how an atomic
spinwave system, with no physical mirrors, can behave in a manner that is analogous to an optical
cavity. We demonstrate this similarity by characterising the build-up and decay of the resonance in
the time domain, and measuring the effective optical linewidth and FSR in the frequency domain.
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Our spinwave is generated in a 20cm long Rb gas cell, yet it facilitates an effective FSR of 83 kHz,
which would require a round-trip path of 3.6 km in a free-space optical cavity. Furthermore, the
spinwave coupling is controllable enabling dynamic tuning of the effective cavity parameters.

Optical resonators are an essential technology for photonic systems. For example, they are used for sta-
bilizing optical frequencies!, filtering optical fields®, enabling non-linear optics® and precision meas-
urement'*'2 There has always been significant interest in developing novel and, in particular, compact
optical resonators'® due to the innumerable applications they enable. In the last decade, for example, res-
onator design has been extended to include mapping optical field into metallic plasmon resonances!*"".
The wide range of physical shapes and materials used in the construction of the resonators leads to an
equally wide range of optical characteristics, although narrow resonant linewidth remains a common
goal regardless of the design. Here, we present a new type of resonator in which optical coherence is
stored in an ensemble of atoms. The combined mode of the light and atomic coherence that carries the
information during storage is best described as a spinwave-polariton'®2°. The behavior of the stored
spinwave is highly tunable, allowing real-time control of parameters such as linewidth and free-spectral
range (FSR).

The key component of a standard optical resonator is a partially reflecting mirror, or beamsplitter, that
couples light into and out of the cavity. In a resonant optical cavity, light incident on the input mirror
interferes with the light circulating in the cavity to constructively enhance the cavity mode. Previous
modeling?! and experimental work?*** has shown how coherent atomic memories can be understood as
an atomic beamsplitter that acts to transfer excitation between optical and atomic modes. To build the
analogue of a cavity using an atomic beamsplitter, we periodically store pulses of light that are timed to
arrive at the memory just as the stored spinwave is being recalled back into an optical field. This allows
the memory storage to act as the mirror to a cavity where the round-trip time in the cavity is now the
time between the pulses. This is the same idea used in resonant cavity ring-down spectroscopy®**. This
concept is illustrated in Fig. 1C,D for the case where a pulse arrives at the memory on alternate memory
recall events. As we will illustrate, in our experiment the equivalent cavity has a round trip length of

3.6km.

Theory: using an atom-light beamsplitter to build a cavity

As described in refs. (21-23), the storage and recall of light in an atomic spinwave can be described as
beamsplitter operation. For an optical depth, 3, the fraction of light transmitted through the memory is
given by T = ¢ ™ and the fraction stored in the memory, analogous to the fraction reflected from a
physical beamsplitter, is given by R = 1 — T. Suppose we start with a single mode of light with ampli-
tude A;,. When injected into the memory this will be split into a transmitted mode, with amplitude

Centre for Quantum Computation and Communication Technology, Department of Quantum Science, Research
School of Physics and Engineering, The Australian National University, Canberra ACT 0200, Australia. *These
authors contributed equally to this work. Correspondence and requests for materials should be addressed to
B.C.B. (email: Ben.Buchler@anu.edu.au) or P.K.L. (email: Ping.Lam@anu.edu.au)

SCIENTIFIC REPORTS | 5:17633 | DOI: 10.1038/srep17633 1


mailto:Ben.Buchler@anu.edu.au
mailto:Ping.Lam@anu.edu.au

www.nature.com/scientificreports/

Ti:Sapph laser A
Reference Rb cell

Optical isolator

Filtering cavity

Electro-optic modulator (6.8 GHz)
Control acousto-optic modulator (AOM)
Probe AOM

Local oscillator AOM
Local oscillator beam
10 Probe beam
11 Control beam
12 Gradient coils
13 DC cail

14 Rb, cell

15 Filter cell

16 Heterodyne detection

©CONOOGHEON =

O Half-wave plate
Polarising beamsplitter
16

B e RN IN COUPLING |OUTPUT
AR S A
4 \
' \ “<oom ITRANSMI‘I‘I’ED
! Probe Control ',

___________

OUTPUT

TRANSMITTED

___________

Figure 1. (A) Experimental setup showing the laser system. The gradient coils are used to apply opposite
sign magnetic field gradients while the DC coils tunes the center frequency of the atomic absorption.

(B) The effective three-level atom addressed by the laser system. The detuning A is set to around 2 GHz.
Comparison of the (C) spinwave resonator to a (D) ring cavity. The dimensional equivalence of our 20cm
resonator is a ring cavity with a single coupling mirror and a round trip optical path of up to 3.6km. Our
experimental scheme is analogous to sending one pulse into such a ring cavity for every two round trips the
built-up pulse makes inside the cavity. The red pulses (I;,) pump fresh light into the memory (cavity) and
if the phase is correct will constructively interfere into the memory (cavity). If the impedance matching is
imperfect, some of this light leaks out (Ianemiea)- The output pulses (I, blue) are withdrawn every second
cycle, in the absence of an input pulse. They probe of how much light is stored in the memory (cavity). For
a cavity the mirror reflectivity (Ryyrror) is fixed. The effective mirror reflectivity in the memory (Reoupring)
may be dynamically controlled.

A = AT A, and a spinwave mode, with amplitude S, = /R A, where S is the appropriately normal-
ised collective atomic excitation. By symmetry, if the storage efficiency is given by R, then the recall
efficiency is also equal to R, assuming constant optical depth. Similarly, on recall the fraction of spinwave
that remains in the atomic medium is given by T.

Supposing now that we recall the spinwave at time 7, while at the same time injecting a second optical
mode with amplitude A,. The spinwave, S,, after this operation will be constructed by interfering the
spinwave arising from the injected optical mode and the fraction of the original spinwave that remains
after recall. Using the relations above, we may write S, = +/T S,e”"e’* + /R A, where we have included
decay of the spinwave mode at a rate y and a relative phase ¢. In a mirror based cavity the phase ¢
depends on the round-trip time of the cavity. In our experiment this phase depends on the storage time
of our memory, which may be chosen arbitrarily. We may continue to recursively define the amplitude
of the spinwave mode, S,, for n pulses to arrive at an infinite sum as # — oo. This gives the steady-state
value of spinwave amplitude to be:

s __ RA
T = JTe e (1)
This is a standard result for the steady-state amplitude of the field inside an optical resonator®. The inter-

ference behaviour that leads to this result is the same regardless of whether the input light is continuous
or pulsed®*?, provided the pulse bandwidth is less than the resonator bandwidth. The square of Eq. (1)
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gives the familiar Airy-function cavity transmission spectrum as a function of the round-trip phase, ¢.
In this derivation we have not included any details of the memory bandwidth, which as we will show,
spectrally limits the range of the resonant peaks.

After cycling the experiment for n input pulses, the optical mode recalled from the memory will be
given by the interference of the recalled spinwave and the transmitted fraction of the input optical mode
to give A, = /TA, — +/RS,, noting that the negative sign is required for conservation of energy. The
spinwave resonator will be impedance matched if this amplitude is equal to zero. To make a measurement
of the spinwave amplitude we can simply recall the memory without injecting a new optical mode, so
that recalled optical mode amplitude, A,, will be proportional to the amplitude of the spinwave, S,.

Experimental Setup and Method

Our experiment uses a three-level Gradient Echo Memory (GEM) scheme to control the interaction
between light and a vapor of Rubidium atoms contained in a warm gas cell. This memory protocol
has been investigated extensively in previous work?”-** and has been shown to act as a noise-free,
high-efficiency quantum memory. In brief, this system works using a two-photon Raman interaction (see
Fig. 1B) involving two hyperfine ground-states (|1>, |2>>) and an excited state |3>. Under the influence
of a bright control field, detuned by 2 GHz from the |[2> — |3> transition, a weak probe pulse, detuned
similarly from the |[1> — |3> transition, is absorbed by the atoms. The light pulse is then stored as a
coherence of the hyperfine ground states. The bandwidth of the memory is tuned by applying a longitu-
dinal frequency gradient to the atomic ensemble. This is achieved using gradient coils (see Fig. 1A) that
induce a linearly varying Zeeman shift along the length of the atomic cell so that the frequency spectrum
of the pulse is mapped onto the spatial axis of atomic coherence. Memory recall is achieved by reversing
the sign of the gradient, which causes rephasing of the atomic coherences and the generation of a photon
echo in the forward direction. The strength of the control field may be used to tune the optical depth
experienced by the probe passing through the atomic sample. This tunability is crucial in our experiment
as it allows us to program the fraction of light that is coupled into the memory.

The mirror-based analogue to our spinwave system is a ring-cavity as shown in Fig. 1D. By arranging
the coupling mirror to reflect into the ring cavity we have correspondence with the notation in Eq. (1),
i.e. coupling into the spinwave is equivalent to reflection off the coupling mirror. In Fig. 1D the increas-
ing the transmission of the coupling beamsplitter will increase the finesse of the resonator. Similiarly,
increasing the transmission of our memory will increase the finesse of our analogue spinwave resonator.
This is a counterintuitive result in the sense that quantum memory experiments generally struggle to
increase optical depth and absorption into the memory. Here we must deliberately reduce the optical
depth to improve performance.

Results

To show constructive interference into the spinwave, we periodically switch the magnetic field gradi-
ent while injecting new pulses into the memory at times when the spinwave is rephased. As shown in
Fig. 2A,B, pulses are sent into the memory on every second recall period. In between the injection of
fresh pulses, the echoes retrieved show accumulation of energy until equilibrium is reached, where losses
balance the incident energy.

The ‘ring-down’ of a cavity describes what is observed when a resonator is filled with light that is
then allowed to leak out. Cavity ring-down measurement has applications to spectroscopy and is an
established technique for sensitive absorption measurements'®?*%, In the absence of the input light, we
observe ring-down behaviour in our system, as shown in Fig. 2C. This is analogous to a pulse travelling
around a ring cavity with a fraction of the light exiting the cavity at each reflection from the coupling
mirror. In our system the spinwave also decays due to decoherence effects, such as control-field induced
scattering, which is proportional to the control field power®, and atomic diffusion®. Similar ring-down
dynamics have been observed previously in a Raman atomic memory?.

Figure 2D shows light accumulation for several control field powers and in Fig. 2E we see the equi-
libria reached for various control field powers. The best accumulation occurs at low control field power
where the coupling in and out of the memory is weaker and the scattering due to the control field is
minimised. As described earlier, this weak coupling condition is analogous to having a ring cavity of the
type illustrated in Fig. 1D, with a lower reflectivity coupling mirror giving higher finesse.

The phase of a spinwave depends on the relative phase between the probe and control field at the time
of storage. The accumulation of the stored spinwave depends on successive incident pulses contributing
to spinwaves of identical phase to give constructive interference. In Fig. 3A, we measure the magnitude
of the equilibrium spinwave as we vary the relative phase of successive incident pulses by changing the
frequency of the control field. The resonance peaks in Fig. 3A are analogous to those that can be observed
in the transmission spectrum of an optical cavity®.

The Free Spectral Range (FSR) of a cavity is determined by the round-trip time for light circulating
in the resonator. In our system the effective FSR is determined by the time interval between interfer-
ence events that couple incident pulses to the spinwave. In Fig. 1, for example, this interval is 12ps,
corresponding to a repetition frequency of 83kHz. This is what determines the spacing between the
peaks of Fig. 3A. The condition for resonance is that the phase between successive input spinwaves
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Figure 2. Spinwave resonator time domain data. (A) The timing scheme of the input pulses (top) and
gradient switching (bottom). A pulse is incident once every full cycle of the gradient, which corresponds
to every second recall period. (B) In our experimental data, most of the energy in each input pulse (red) is
transmitted through the memory, which saturates the detector. Every second recall period, when no input
pulse is incident, we observe successive increases in the recalled light (blue) indicating a growing spinwave
in the memory cell. After about 8 recall pulses, equilibrium is established and the recalled pulses remain
at a constant energy. (C) With the input pulses switched off, we observe the ring-down of the spinwave-
resonator. (D) The echo power, scaled to the initial echo, demonstrating the accumulation of the spinwave
for control field irradiance in descending order of final echo power, 0.7 mW.cm~2, 8.4 mW.cm 2, 13.1
mW.cm™2, 16.8 mW.cm ™2, and 25.2 mW.cm~2. The lines are a guide only. (E) Equilibrium echo intensity
relative to initial echo as a function of control field intensity.

evolves through an integral number of cycles in the time between coupling events. By varying the gra-
dient switching period of our experiment, while sending input pulses at a matching period, we find the
expected relationship between equivalent Free Spectral Range (FSR) and the interval between gradient
switches, as shown in Fig. 3B.

In Fig. 3A, the peaked Airy function (the square of Eq. (1)) is spectrally limited, due to the finite
bandwidth of the atomic medium that is determined by the magnetic field gradient. This absorption
bandwidth is shown in Fig. 3C. A probe pulse is not entirely stored when some of its frequency compo-
nents lie outside the absorption bandwidth. We use an incident pulse with a bandwidth approximately
equal to the bandwidth of the memory. Consequently, only a small region in the center of Fig. 3A is in
a regime where all the frequency components of the pulse will be equally absorbed into the memory.

The photon lifetime in an optical resonator determines the width of the Airy peaks?. Assuming one
uses high-quality mirrors to minimize round-trip loss, the only option for decreasing the linewidth is to
increase the photon lifetime by building a long cavity, like the 143 m resonator used as mode-cleaner in
the VIRGO experiment®. The lifetime of photons in a spinwave resonator can be tuned by varying the
control field power. Decreasing the control field power lowers the coupling rate of the memory, which
is analogous to increasing the cavity finesse. The linewidth of our effective cavity is therefore best in the
limit of low control field power, as shown in Fig. 3D. We note that this is an accurate method to deter-
mine the limiting lifetime of our memory, which in this case is found to be 87 + 4 s for low control field
powers. The lifetime in this regime has previously been found to be dominated by atomic diffusion®.
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Figure 3. Resonator behavior of the system. (A) Amplitude of the equilibrium echo as the control field
frequency is scanned 800kHz over 200, sampled every 0.12kHz. Resonances occur when the phase
matching condition is satisfied. Arrows indicate the linewidth and FSR of this spectrum. The shaded

area marks the 0.99 confidence interval. (B) Free spectral range for different memory repetition rates.

(C) Broadened Raman absorption through the vapor cell with one gradient coil switched on. The dip

and oscillations around 1300kHz are due to free induction decay. The shaded area indicates the range
over which data were taken. (D) Linewidth of the central resonance for various control field powers. The
linewidth reaches a minimum for low control field powers, where diffusion and relaxation losses dominate
over coupling and scattering.

Close to the center of Fig. 3A, we can consider the effective cavity that has been formed in our
memory in terms of the characteristics normally measured for optical resonators. Firstly the FSR is
just 83 £ 1kHz. This is due to the long storage time of the memory and is equivalent to a cavity with
a roundtrip length of about 3.6km. For small control fields, the linewidth is 11.5+ 0.5kHz, giving an
equivalent cavity finesse of 7.3 4 0.3. Considering the frequency of the probe field and the width of the
resonance peaks, we find a Q factor of 3.3 (£0.1) x 10'° for storage of the probe field. In terms of the
spinwave, the relevant frequency is the 6.8 GHz ground state splitting of rubidium leading to a spinwave
Q factor of 5.9 (+0.2) x 10°.

Discussion

The Q-factor of our system is limited by the diffusion in our atomic ensemble. This is not an in-principle
problem, since both solid state and cold atomic memories have been shown to have much longer coher-
ence times. Coherence time measurements in cold atomic ensembles®, silicon-28 and rare-earth sys-
tems®” have demonstrated milliseconds, minutes and hours of atomic coherence, respectively. Provided
that phase coherence can be maintained, such atomic coherence in combination with the present scheme
would lead to effective resonator lengths that are unachievable with standard mirror-based cavities.

Just as a cavity can be used to contain a large resonant optical field, the spinwave resonator can
be used to enhance atomic coherences, even in ensembles with low optical depth®®. Using the meas-
ured decay rate and assuming the memory absorbs about 30% of the incident light we can numerically
simulate the spinwave (details can be found in the supplementary material). This shows that repeated
constructive interference into the spinwave produces an atomic coherence magnitude about seven times
larger than storage of a single pulse. In fact, this atomic coherence is two times larger than would be
achieved with perfect absorption of a single pulse.

The analogy between an optical cavity and our spinwave system is instructive for understanding the
behavior of the system, but it is the differences between this setup and a real optical cavity that may give
rise to a number of applications. Although we demonstrate a resonator in the classical regime, the linear
and noiseless storage properties of the GEM scheme® mean that our system is capable of manipulating
and interfering single photon states, making applications in the quantum regime particularly interesting.
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The demonstration of multiple interferences in a memory represents a step towards the realization of
a proposal® which relies on using interference between atomic spinwaves and modes of light to imple-
ment a memory-based linear-optics quantum processor. In this case the memory would be used to
implement multiple interferences between single photon states, as is currently achieved using regular
beam splitters*.

Due to the long roundtrip time and pulsed nature of our device, real-time control of the spinwave
from pulse to pulse is easily achievable. During the 12 ju1s from one pulse to the next, it is straightforward
to measure an echo and conditionally tune both the characteristics of the next pulse and the effective
cavity parameters. For example, by repeatedly sending single photon pulses into the resonator and mon-
itoring the output, Hong-Ou-Mandel interference could be used to conditionally prepare 2-photon Fock
states in the spinwave?'. Higher-order interference between Fock states conditioned on the output of the
spinwave, could also be investigated in this way*2.

Finally we note that while our realization of a spinwave resonator is based on the GEM protocol, this
concept could be extended to other coherent memory techniques. Indeed, ring-down measurements by
Reim et al.” indicate that a Raman memory would be suitable.
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