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Cyclical quantum memory for photonic qubits

T. B. Pittman and J. D. Franson
Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryland 20723

~Received 9 July 2002; published 5 December 2002!

We have performed a proof-of-principle experiment in which qubits encoded in the polarization states of
single photons from a parametric down-conversion source were coherently stored and read out from a quantum
memory device. The memory device utilized a simple free-space storage loop, providing a cyclical readout that
could be synchronized with the cycle time of a quantum computer. The coherence of the photonic qubits was
maintained during switching operations by using a high-speed polarizing Sagnac interferometer switch.
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One of the most attractive features of an all-optical a
proach to quantum computing is that photons can serv
ideal carriers of quantum information in a modular syst
connecting various quantum logic gates and memory
vices. However, the implementation of the memory devi
and logic gates is difficult in an optical approach beca
photons are relatively difficult to store, and nonlinear int
actions between single photons are typically very weak.
though recent developments in linear optics quantum c
puting @1,2# have shown that logic gates can be operated@3#
without direct nonlinear interactions, the implementation o
practical quantum memory for photons remains a challe
ing problem. In this paper we report on a proof-of-princip
experimental demonstration of a such a quantum mem
device.

Earlier suggestions for a quantum memory for photo
have involved storing the quantum states in high-Q cavities
@4# or reversibly transferring them to collective atomic ex
tations~see, for example, Refs.@5,6#!. In contrast, the quan
tum memory demonstrated here is based on the storag
single photons in a simple free-space optical loop@7#. The
photons stored in this loop can be switched out after
number of round trips, providing a cyclical quantum memo
~CQM! that could be synchronized with the cycle time of
optical quantum computer.

The CQM presented here is an extension of our ear
work on a source of single photons on pseudodemand, w
was realized by using straightforward polarization-bas
electro-optic switching techniques to release single phot
from a storage loop at a desired time@8#. The key require-
ment in converting that system into the present cycli
quantum memory device was the development
interferometric-based switching techniques that work equ
well for any polarization state, and are capable of mainta
ing the coherence of the polarization-encoded single-pho
qubits. As will be described below, this was accomplished
using a high-speed electro-optic device to apply contro
p-phase shifts in a balanced polarizing Sagnac interfer
eter. During each passage through the interferometric sw
the output port taken by the photon could be controlled
the p-phase shifts, thereby sending the photon back into
storage loop for another cycle, or releasing it from t
memory device.

A schematic illustrating the basic features of the CQM
shown in Fig. 1. The polarizing Sagnac interferometer swi
1050-2947/2002/66~6!/062302~4!/$20.00 66 0623
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is formed by mirrorsma and mb , and a polarizing beam
splitter ~PBS! that reflects vertical polarizations and tran
mits horizontal polarizations. The electro-optic device ins
the interferometer is a Pockels cell that is configured in s
a way that when it is turned ‘‘on’’ it will rotate horizonta
polarizations into vertical, and vice versa (uH&↔uV&), and
when it is turned ‘‘off’’ it will do nothing. The storage line is
formed by the upper port of the PBS and mirrormc .

The logical values 0 and 1 are represented by the horiz
tal and vertical polarization states of a single photon, so t
an input qubit has the formuc& in5auH&1buV&, wherea
and b are arbitrary coefficients. A qubit enters the CQ
device from the right, and much of the operation of the d
vice can be understood by first considering the case wh
the Pockels cell is never turned on. In this case, the vert
component of the incident qubit travels clockwise throu
the polarizing Sagnac and is reflected up into the stor
line, while the horizontal component travels countercloc
wise and is transmitted up into the storage line. Upon refl
tion from mirror mc , the process essentially runs in revers
providing an output stateuc&out after one cycle of the quan
tum memory.

If there were no losses and no polarization-depend
phase shifts, the output state would emerge in the same
herent superposition state as the input,uc&out5uc& in . Al-

FIG. 1. A schematic illustrating the basic features of the CQ
which utilizes a high-speed electro-optic polarizing Sagnac inter
ometer switch to maintain the coherence of stored polarizat
encoded single-photon qubits.
©2002 The American Physical Society02-1
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though there were, of course, losses and small birefring
phase shifts in our experiment, the practical benefit of
polarizing Sagnac interferometer is that the counterpropa
ing horizontal and vertical components experience the s
physical path, essentially eliminating the much larger th
mally or vibrationally induced phase shifts that would oth
wise ruin the coherence of the qubit in, for example, a co
parable Mach-Zehnder interferometer.

In order for the CQM to store the qubit for more than o
cycle, the Pockels cell must be quickly turned on while t
photon is propagating in the storage line for the first tim
Upon subsequent passes through the Sagnac interferom
the counterpropagating horizontal and vertical compone
of the qubit are therefore repeatedly flipped (uH&↔uV&), and
the photon remains trapped in the device as long as the P
els cell is left on. When the Pockels is finally turned off,
can be seen that the final values of the counterpropaga
components are those required to release the photon from
device.

Consequently, one of the interesting features of the CQ
is that qubits stored for an even number of cycles emerg
the bit-flipped value of input qubit,uc&even5ŝxuc& in
5auV&1buH&, while qubits released after an odd number
cycles are not bit flipped,uc&odd5uc& in . For quantum com-
puting applications, the feed-forward control techniques t
we have previously demonstrated@9# could be used to reflip
qubit readout after even numbers of cycles in the CQM;
ternatively, the CQM round-trip time could be designed to
half the cycle time of the computer.

For all of the data that will be presented in this paper,
qubits were prepared in the arbitrarily chosen superposi
state

uc& in5
A3

2
uH&1

1

2
uV&, ~1!

which corresponds to a linear polarization state at 30°
graphical representation of the expected output qubits a
both even and odd numbers of cycles is shown in Fig. 2

A more important consequence of the repeated flipping
the polarization components is that certain types of err

FIG. 2. A graphical representation of the predicted output sta
of the CQM for an arbitrarily chosen state of the input qub
uc& in5A3/2uH&1

1
2 uV&, which corresponds to a linear polarizatio

state at 30°. The bit-flipped value corresponds to a linear polar
tion state at 60°.
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automatically correct themselves. For example, unwan
polarization-dependent phase shifts imparted in the stor
line affect each of the two components of the original qu
an equal number of times for those qubits switched out a
an even number of round trips. As a result, the accumula
relative phase shift becomes an overall phase shift that s
ply factors out of the final state. Similarly, the net relati
phase-shift error of this kind for qubits switched out after
odd numbern of cycles is only that due to the final roun
trip, and not the accumulation of the phase errors due to
previousn21 round trips.

A schematic representation of the actual experime
which utilized true heralded single photons from a param
ric down-conversion source@10#, is shown in Fig. 3. As
shown in the upper part of Fig. 3, our down-conversi
source consisted of a 1-mm-thick beta barium borate~BBO!
crystal pumped by roughly 30 mW of the 351.1-nm line o
continuous-wave argon-ion laser. The crystal was cut
type-II degenerate phase matching and produced pair
colinearly propagating, but orthogonally polarized photons
702.2 nm@11#. The photons of a given pair were separat
by a polarizing beam splitter PBS-1. The detection of t
‘‘trigger photon’’ by detectorDt signalled the presence of th
‘‘qubit photon,’’ and provided a relative start time for th
cyclical device.

The polarizing Sagnac interferometer switch, which c
be seen in roughly the center of Fig. 3, was formed by
polarizing beam splitter PBS-2, and mirrorsm1 throughm3.
The Pockels Cell~PC! was placed inside the Sagnac interfe
ometer with its fast axis rotated by 45° from the vertic
direction. An additional half-wave plate~labeledl8/2) was
inserted next to the PC; this half-wave plate was usua
oriented so that it had no effect, but it could be rotated
needed for various diagnostic tests during initial alignme

s

a-

FIG. 3. A schematic of the experimental setup used for a la
ratory demonstration of the CQM. Details and symbols are
scribed in the text.
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CYCLICAL QUANTUM MEMORY FOR PHOTONIC QUBITS PHYSICAL REVIEW A66, 062302 ~2002!
The storage line was formed by the upper port of PBS
and mirrorsm4 and m5 ~the storage line was folded due
space constraints!. The length of the storage line was rough
3.5 m which, when combined with the 0.5 m length of t
Sagnac interferometer, gave a total round-trip time
roughly 13.3 ns, which was longer than the 10 ns rise time
the Pockels cell, as required@8#. In order to minimize beam
divergence and maximize the possible storage time~number
of cycles! of the CQM, a 1 mfocal length lens was placed i
the storage line, and longitudinally adjusted to form a st
dard 2f Gaussian transmission line.

The qubit state preparation was implemented by usin
half-wave plate~labeledl/2) to rotate the vertical polariza
tion of the qubit photon to any desired linear polarizati
state. The state of the output qubit was measured usin
polarization analyzer (uq) and another single-photon dete
tor Dq . Background noise was reduced to a negligible le
by using 10-nm-bandwidth filtersf centered at 700 nm in
front of the trigger and qubit photon detectors.

In order to allow for the time required to produce a
process the classical detection signal of the trigger pho
the qubit photon was delayed by a 120-m fiber-optic de
line before being sent into the CQM@8#. A standard fiber
polarization controller was used to negate the effects of
refringence in the fiber, as well as to precompensate for sm
birefringent phase shifts of three additional steering mirr

FIG. 4. A demonstration of qubit storage and active switch
after a chosen number of cycles in the CQM. Each of the p
shows the number of coincidence counts per 600 sec~vertical axes!
as a function of the time of arrival in nanoseconds~horizontal axes!
of the qubit photon at detectorDq relative to the detection of the
trigger photon at detectorDt .
06230
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~not labeled! and a 50-50 nonpolarizing beam splitter th
was used to couple the qubits into the CQM input chann

The electronics used for the real-time active switchin
which are seen in the lower part of Fig. 3, are described
detail in Ref.@8#. Briefly, the ‘‘on’’ to ‘‘off’’ transitions of the
Pockels Cell were driven by the front and back edges of t
different pulsesp1 andp2 @from delay generators~GD1 and
GD2!#, which allowed the use of transistor-transistor log
pulses whose width~100 ns! was greater than the cycle time

The accumulation of data involved the use of conve
tional coincidence counting techniques to record the time
arrival of the qubit photon at detectorDq relative to the
arrival time of the trigger photon at detectorDt . Accumu-
lated histograms of data would therefore show various pe
separated by 13.3 ns time intervals, corresponding to dif
ent numbers of round trips through the CQM.

The data shown in Fig. 4 demonstrates the ability to
tively switch out the qubit after a chosen number of cyc
through the CQM. For the data shown in Fig. 4, the qu
polarization analyzeruq was removed in order to clearl
demonstrate the switching performance and assess any lo
in the CQM. The area under the peak of interest in ea

t
s FIG. 5. Test of the coherence of the CQM device. The d
shows a plot of the number of coincidence counts per 120
~vertical axes! as a function of the qubit polarization analyzeruq

setting in degrees~horizontal axes! for each of the five peaks show
in Fig. 4. The solid lines~cosine-squared curves centered at t
expected output angle! are simply meant as guides to the eye. T
input qubits were linearly polarized at 30°, and the expected
flipping of those qubits stored for an even number of cycles
clearly seen.
2-3
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successive plot is seen to decrease in approximate agree
with the 19% loss per cycle, which was measured in au
iary experiments@12#. Of this 19%, we estimate that rough
15% was due to reflection and transmission losses of
various optical components, with the remaining 4% be
due to imperfect focussing in the 2f Gaussian transmissio
line. Small switching errors@8# that resulted in undesire
noise peaks can also be seen in Fig. 4.

A test of the key feature of the CQM, the ability to mai
tain the coherence of the stored qubits, is summarized in
5. For the data shown in Fig. 5, the qubit polarization a
lyzer uq was used to measure the polarization states of
stored qubits and compare them with the predicted ou
states shown in Fig. 2. For qubits stored for an odd num
of cycles, the output states in Fig. 5 are seen to be in g
agreement with the linear input polarization state of 30
while for even number cycles the expected~bit-flipped! lin-
ear polarization output state at 60° is evident.

For each of the successive plots in Fig. 5 the maxim
counting rate and the quality of the output state is seen
decrease for qubits stored for longer times, as might h
been expected. We believe the degradation of the qubit q
ity was primarily due to small misalignments of the mirror
which produce spatial offsets that accumulate with e
round trip and can reduce the spatial overlap of the horiz
n

e
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c
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tal and vertical components in the output, thereby reduc
the interference conditions required to maintain the coh
ence of the qubit. We expect to be able to greatly red
these errors by using fiber-optic components in future imp
mentations of the CQM.

In conclusion, we have performed a proof-of-princip
demonstration of a new type of all-optical cyclical quantu
memory ~CQM! device based on the storage of photon
qubits in a simple free-space optical loop. The ability
maintain the coherence of the qubits was accomplished
by the application of electro-optic-based controlledp-phase
shifts in a balanced polarizing Sagnac interferometer sw
@13#. An optical approach to quantum computing will mo
likely involve the use of trains of intense laser pulses, su
as those from mode-locked Ti-sapphire lasers. Because t
pulse trains provide a natural clock cycle, a cyclical quant
memory device of the kind presented here should be ide
suited for an optical approach to quantum computing, a
these initial experiments may provide a first step in that
rection.

This work was supported in part by the ONR, ARO, NS
ARDA, and IRAD. We would like to acknowledge usefu
discussions with B. C. Jacobs, M. J. Fitch, and M.
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