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Light storage with light of arbitrary polarization
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We have demonstrated the phase coherence of stored light in Rb vapor with a completely optical technique.
Combining this technique with polarization measurements provides strong evidence that arbitrary polarizations
can be stored. The fidelity obtained exceeds 95% for all polarizations. We view the capability to store polar-
izations as a first step towards building a quantum memory in such a system.
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Storage and recovery of light in an atomic ensemble is alization of the weak pulse is perpendicular to that of the re-
exciting topic in the field of quantum information becausemaining light, which serves as the control fielld ( x direc-
photons are excellent long-distance carriers of informationtion). The key modification to our experiment is the addition
and quantum gates can be realized with atpiisRecently, of a Mach-Zender interferometer. Two polarizing beam split-
mapping a polarization state of light onto an atomic spinters(PBS are used to separate the control and signal beams,
state via electromagnetically induced transpare(iy) [2] pass them along different paths, and recombine them. A pi-
has been proposd@-6] and demonstratef?,8]. Transfer- ezoelectric transducéPZT) is connected to the reflector in
ring the polarization state of light to another lagaultiplex-  the signal path giving a phase shift between the two paths
ing) has also been show8]. A photon polarization state is a [Fig. 1(b)].
physical realization of a quantum bigubit). The general Our Rb cell is 4 cm long, 2 cm in diameter, and contains
description of a qubite|1)+ 3|0), can be mapped onto the about 5 torr of Helium buffer gas. A solenoid is placed
Bloch sphere, which for light covers all possible completelyaround the Rb cell to precisely control the static magnetic
polarized states. field along the propagation direction of the laser beam. The

In this paper, we address the question of whether or not apolenoid is enclosed within double layered magnetic shield-
polarization states can be stored in an atomic vapor. Lighing to ensure long lifetimes of the atomic Zeeman coherence.
storage experimentg7,8] have focused on atomid sys- A small field may be applied by the solenoid to compensate
tems, wherer ™ polarized light couples one ground state to for the residual Earth magnetic field to within 2 m@e
the excited state, while-~ polarized light couples another resolution of our probe This limits the magnetic-field phase
ground state to the same excited sfdtig. 1(a)]. Slowing of  shift to 0.03 rad. In order to obtain greater atomic density, an
light with linearly polarized light has been studigfi0]. In  Aerobiax heater cable is wrapped around the magnetic
effect, a polarization state corresponding to one point on th&hielding. We maintain a cell temperature of 70-80°C, cor-
Bloch sphere has been stored. Theory predigts5] that  responding to an atomic density 6f10''-10'* cm™>.
other polarizations could be stored using @ystem coupled A PBS and two photodiode®D) comprise the detection
with orthogonally polarized strong and weak fields. system. To create the EIT effect, the laser frequency is ad-

We demonstrate storage of different polarization states ifusted to theD1 transition of Rb (\=794.987 nm), i.e.,
an atomic Rb vapor. We first verify experimentally that the5S;/2, F=2—5P;,,, F=1, which is checked by observing
phase shift between the control and signal lasers is not af-
fected by storage, which demonstrates optically the coher- |
ence of the light storage technique. This is an alternative to
the demonstration of coherence control through the use of an (a) Q Q
external magnetic fielfiL1]. Our optical technique appears to
be applicable to the storage of light in an arbitrary medium,
such as optically dense crystdls2]. We then demonstrate
storage of several elliptical polarizations, beginning with the
special case of linearly polarized light. With the reasonable
assumptions that our experiment is both cylindrically sym-
metric and invariant under a parity operation, our measure-
ments can be extended over the entire Bloch sphere, provid-
ing strong evidence that all polarization states can be stored.

Our experimental setup is a modified version of that de-
scribed in Ref[7]. An extended cavity diode laser with sev-  FiG. 1. (a) A system of®’Rb atomic states resonantly coupled
eral tens of kiloHertz bandwidth is used as the light sourceyo a control field ()) and signal field Q). (b) Schematic of the
An acoustic-optical modulator and iris allow for rapid experimental setup. The intensity of the control fieldlis the
switching of this source. The linearly polarized laser lightintensity of the signal field is;, PDs are photodiodes, BS is a beam
can be slightly rotated by a fast Pockel’s cell to create a weakplitter, andP is a polarizer. Other components are defined in the
pulse, which is the signal field {, y direction. The polar- text.

PD3 Rb cell in oven,
solenoid & shields
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FIG. 2. Light storage interference patterns for different pzT FIG- 3. Storage experiment for linearly) and circularly (2)
voltages leading to different phase shifts between the control anBOIar'md light. _Inset:_ slowlng e>_(per|ment for I_|nea|(I;1) and cir-
signal beam. From top to bottom, for both prestorage and poststc)I(;ularly (2) polarized light, line 0 is off the atomic resonance. In all
age regions, the voltage changes from 90 to 150 V in 15 V stepsc_ases, the leakage from the control beam has been subtracted.
Inset: the detected signal intensitj, for varying PZT voltage after ) ) ) )
subtracting the control beam. The solid line is calculated from Eq. 10 obtain the exact phase and amplitude information of
(1) with the detected part of the control beain,, subtracted, the storage signal from these interference patterns, we write
A®=7AV/80; AV is the voltage change of the PZT, with 80 v the expression for the photodiode signal as
corresponding to a half-period phase shift of the signal beam.

lger= |+ +1_+2y1 1 _cogdAd), @
the fluorescence spectrum. The laser beam diameter is about
~5 mm with an output power of 8 mW (2.5 mW incident  wherel . is the intensity of the control beam that reaches
on the cell. For the light storage experiment, the time se-PD1,1_ is the intensity of the stored signal that we wish to
guence of the control and signal fields is the same as in Refneasure, and ® is the phase difference between them. We
[7]. In the slowing experimentwhere the signal pulse is control A® using the PZT voltage, and can measlredi-
delayed after propagation through the Rb xethe control  rectly by blocking the signal beam branch of the Mach-
field is always present. Zender interferometefNote that the intensity_ cannot be

We would like to investigate the light storage for different determined by blocking the control beam, because the signal
relative phases between the control and signal beams. We d@am is so weak that it is completely absorbed in the)cell.
this for two purposes. First, the ability to maintain coherenceTo verify that this method works correctly, we show an ex-
in the atomic ensemble during storage is a prerequisite foample for linear polarization in the inset of Fig. 2. The de-
storing an arbitrary polarization. Second, we would like totected signal intensitysquarey is shown versus the phase
obtain a method that enables control of the coherence, buhift after subtractind , . These data can be well fitted by
relies solely on modifying the input state. The alternative ofEq. (1), as shown by the solid line in the inset of Fig. 2. The
using an external magnetic fidldi1] is media dependent. We results demonstrate that the storage signal intensity is not
hope that storage in different medid2] may benefit from affected by the different phase shifts and confirm that the
this approach. stored signal phase is maintained.

We introduce a relative phase by moving a PZT-controlled Now we turn our attention to the question of arbitrary
mirror in the Mach-Zender interferometer shown in Fig. polarized light storage. If we use a different polarization of
1(b). The phase shift corresponding to the mirror position hadight, a different atomic state will result. The depolarization
been calibrated by observing fringes. We use/4-plate be- and decoherence processes of the system determine whether
fore the Rb cell to cause the control beam to interfere withor not arbitrary polarization can be stored. Depolarization is
the signal beam(For the linear case, we use\& plate after caused by the collisions of the target atoms with the cell
the cell to generate our interference, instead ofNheplate  walls or with other atoms and by external fields such as the
before the cel). Using this method, we can obtain both the leakage of the Earth’s magnetic field. Decoherence is caused
phase and amplitude information of the signal beam from thdy the aforementioned effects as well as additional ones,
interference pattern. The detected interference pattern at PDicluding Doppler broadening and inhomogeneous magnetic
for a half-period phase variation is shown in Fig. 2. Thesefields[13]. Since the effects of these depolarization and de-
patterns are a periodic function of the PZT voltage. The noneoherence processes vary for different atomic states, obser-
zero background intensity is from the control beam due tovation of o™ storage 7] does not imply that storage of arbi-
the \/4-plate rotation. This experiment clearly shows that thetrary polarization is possible. Conversely, the fidelity of
recovered light is from the signal beam, and that its phasstoring different polarizations can be measured to obtain in-
has been maintained during the storage. formation about the decoherence processes.
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ized light. Figure 3(line labeled “1”) is a typical storage
result for linearly polarized light. For comparison, o
—o~ result is also provided in Fig. 8abeled “2"). The
latter is very similar to the result obtained in RET]. The
maximum released signal intensity we obtained is about 40%
of the input intensity after a 5@s time interval, depending
on the readout control light intensity, atomic density, and
external magnetic field. The amount of light recovered is
generally governed by the amount of time the atoms spend in
the laser beams; increasing the laser beam size gives a 00r L, T,k
slightly longer storage timgl4]. 00 225 450 675  90.0
In our experiment(Fig. 3), we find that the prestorage 6 (deg)

signal intensity is about two times larger for linear light as
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We begin by demonstrating the storage of linearly polar- TTTTTHTI‘II 710
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compared to circular light. The observed ratio is proportional
to the temperature of the sample. The smaller transmission
line 2 can be explained by looking at the slowing experiment
when the control beam is continuously turned on. As shown
in the inset of Fig. 3, the pulse delay time of the circular
polarization is larger than that of the linear polarization. A
larger delay time leads to a narrower transparency window
[6], which results in less transmission of circular light. The
signal pulse duration in our experiment is about (4%
which corresponds to a 70-kHz-frequency width, while the
transparency window for the™ — o~ case under these con-
ditions is measured to be about 40 kHz, in agreement with °op v ., T N
Ref.[7]. For the particular data shown, the signal after stor- 00 225 450 875 900
age is larger for line 2 than for line 1, however, this result 0 (deg)
depends on temperature.

We now expand our discussion to storage of elliptical i S e 10
polarization states. A/4 plate is inserted before the Rb cell T T Tr T f T T
to generate the desired input polarization. Just as in the lin-
early polarized case, we modulate the PZT and confirm that
the coherence of the signal beam is still maintained for other
polarization cases. The interference intensities are measured
by PD1, and the signal field components can then be deter-
mined just as the linear case. We then can determine the
relative phase between the signal field and the control field
by adjusting the PZT induced phase shift to zero, as deter-
mined from an interference pattern observed before the first ool
N4 plate(at PD3. P S NI N R——

Note that we determine the amplitudes of the components 00 225 450 &5 00
of the control beam by blocking the signal field. We can also 0 (deg)
obtain the relative phase between these components by add- fG. 4. The stored signal field componefs(M) andE, (0),
ing a secondh/4 plate and a\/2 plate to the system, just and their relative phasa¢ (O) for input polarizations ranging
before the PBS and detectors. Now each of the Stokes p&om linear (9=0), through elliptical and circulard= 45°) back to
rameters of the control lightwhich give the coordinates on Jinear (9=90°). The angled is the rotation angle of the/4 plate.
the Bloch spherecan be directly determined from the de- Cell temperatures aréop) 69 °C, (middle) 74 °C, and(bottom
tected light intensity, simply by rotating the/4 andA/2  80°C. The fidelity &) is calculated and the dashed line is a guide
plates. to the eye.

The relative phase of two signal field components can
also be determined since we have measured the relatitbe magnetic substate df systems. This effect is estimated
phase of two control field components. The normalized sigby calculating the populations from rate equations. The Far-
nal field components and their relative phase are shown iaday rotation causes the data to be asymmetric around the
Fig. 4. We then compare these data to a calculation. Tha/4 45° setting. We compare the solid line to the data points
dotted line shows what the detected signal would look likeand calculate the fidelity1]. Fidelity is defined as usual as
when the polarization of the stored light was identical to theF =|{ou{ #in)| for a pure state, or more specifically for our
input light. The solid line adds the effect of paramagneticsystem a$==|E} - E;,|. The results are shown in the same
Faraday rotatiom15,16 due to the population asymmetry in figure. All the polarization states are well maintained, al-
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though the intensities vary by up to a factor of 5. The inset ofrotating thex/4 plate from 0° to 45° is enough to demon-
Fig. 4 shows the phase difference between the electric-fieldtrate that stored light of any polarization is possible.
components of the stored light pulse. In summary, we report the experimental storage of linear,
Due to the highly symmetric nature of our storage systemelliptical, and circular polarized light in a vapor of Rb atoms.
this set of measurements provides strong evidence that arfhe fidelities show that the polarization state is well main-
arbitrary polarization could be stored. By rotating the initial tained during the storage. To make this measurement, we

/4 plate from 0° to 45°, we cover the points in a quarterdeveloped an all-optical method to determine the phase dif-
circle of the Bloch sphere from linear to circular. The linear férence between the control and signal beam. This technique

axis of the elliptical light, set by the input laser, has no physi_alsc_) allows us to control and determine the atomic coherence
cal effect on the cylindrically symmetric sample. Thus, weduring storage, and should be applicable to other media. The

would have obtained the same result had that axis been difi—b'“tgl to write an arbitrary polar]!zattﬁn onl_ant_atomflc en-
ferent. This conclusion means that any point on one half o l?rrr? m%:r?oaryn?nczisgtrgrﬁirc?(\:/grsgrr or the realization ot a quan-
the Bloch sphere could be stored. Next, consider the effects '

of a parity transformation on the system. This also will have  This work was supported by a Nebraska Research Initia-
no effect on the measured results, but does reverse the heligve (NRI) grant. We thank S. X. Hu, D. F. Phillips, and S. F.
ity of the circular component of the elliptical light, giving us Yelin for helpful and useful discussions, and B. Williams for
the other half of the Bloch sphere. Therefore our data fohis work on the apparatus.
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