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ABSTRACT

A number of optical technologies remain to be developed and optimized for various applications in quantum
information processing, especially quantum communication. We will give an overview of our approach to some
of these, including periodic heralded single-photon sources based on spontaneous parametric down-conversion,
ultrabright sources of tunable entangled photons, near unit efficiency single- and multi-photon detectors based
on an atomic vapor interaction, quantum state transducers based on high efficiency frequency up-conversion,
and low-loss optical quantum memories.
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1. INTRODUCTION

Since its theoretical beginning approximately two decades ago, the field of Quantum Information Science has seen
incredible growth in terms of theoretical proposals for quantum computation,! cryptography,? and metrology,> 4
as well as experimental implementations of these protocols.” Optical systems are extremely well suited to
many of these applications, primarily because optical quantum states may be easily prepared, manipulated, and
detected with high accuracy, often using only off-the-shelf technologies. Photons are also relatively immune
to the deleterious effects of decoherence, compared to other implementations of quantum bits (qubits), and
they are a natural choice for the transmission of quantum signals over large distances, as occurs in various
quantum communication protocols such as key distribution and teleportation. Moreover, the main disadvantage
of photons — that interactions between them are typically far too weak to perform conditional logic, even in
the best known nonlinear optical materials — can in principle be overcome using newly discovered methods that
exploit the intrinsic nonlinearity of the detection process itself.5 Assuming the availability of high efficiency
photon-counting detectors, reliable single-photon-on-demand sources, and quantum memories, arbitrary quantum
gates can be constructed.

In this paper we review some of the optical quantum technologies which we are developing at the University
of Illinois at Urbana-Champaign. Among these are: bright and tunable sources of single photons and entangled
photons; high-efficiency photon-counting detectors, including the means for detecting infrared telecommunica-
tion wavelengths using visible wavelength detectors; and robust, low-loss quantum memories. In addition to
their immediate application to various topics in quantum information science, these technologies should have
significant benefits for many other practical applications as well, including the areas of metrology and possibly
classical communications. In the following section we describe our work on optical sources, including sources
of single-photons-on-demand and methods to prepare them in completely arbitrary quantum states; and bright,
tunable sources of two-qubit states, including highly (polarization) entangled states, created via the process of
spontaneous parametric down-conversion. In Section 3 we discuss the status of current photon detectors, and one
scheme for substantially extending their usable wavelength range into the infrared using a novel up-conversion
approach. We also describe a theoretical proposal for an in-principle very high efficiency photon-counting system
based on cycling transitions in an atomic vapor. In Section 4, we discuss two somewhat related technologies,
that of a quantum transducer for converting arbitrary quantum states at one wavelength to another wavelength,
and low-loss optical storage systems for the purpose of quantum memory. As nearly all of these projects are
works in progress, here we will focus on the underlying concepts and the potential capabilities assuming presently
available technology.
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2. SOURCES
2.1. Spontaneous parametric down-conversion

Our primary source of photons is the process of spontaneous parametric down-conversion. In this process, a
laser pump photon is split into two longer-wavelength daughter photons, historically called the “signal” and
“idler” (Fig. 1). The process occurs with small probability (10712 or less) inside a handful of optical materials
with nonlinear optical susceptibilities, such as KDP, LilO3, and BBO. The constraints of energy and momentum
conservation, called “phase-matching conditions”, allow fine control over the emission modes of the daughter
photons, and also lead to entanglements in these degrees of freedom.” Entanglement in polarization can also be
readily generated.®*
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Figure 1. Spontaneous parametric down-conversion (type-I phase matching). A vertically polarized pump photon is
annihilated within a nonlinear crystal to create two horizontally polarized “daughter” photons.

2.2. Single-photon source

Because parametric down-conversion (PDC) produces photons in pairs, and does so nonresonantly, it is partic-
ularly useful for constructing a single-photon source at visible or telecom wavelengths. (Other possibilities are
to use single quantum dots,'% single impurities,'* or single atoms'? as emitters.) By triggering on one of these
photons, the other is prepared in a single-photon Fock state.'® Thus, if only one photon is detected in the idler
channel, “heralding” the existence of exactly one signal photon, we let the signal pulse propagate into a storage
system, where it waits until released (Fig. 2). If two or more photons are detected in the idler beam, we block the
signal pulse. In order to couple well to other systems (e.g., fibers for quantum key distribution, interferometers
for all-linear optic quantum computation, atoms for “stored light” or high-efficiency detectors), the mode of the
emitted photon is often crucial. The use of down-conversion offers a unique method for controlling this, namely,
by restricting the detected mode of the heralding idler photon: Because of the energy and momentum correlations
of the photons produced in the down-conversion process, constraining the mode of one of the photons places
tight constraints on the mode of the other.™*

In practice, several problems limit the quality of the single-photon production in terms of the statistics of the
(nominally) single-photon emission, efficiency of production, and on-demand delivery of the photons. A typical
PDC-based single-photon source includes a pulsed pump laser, a nonlinear crystal where the photon pairs are
created, a herald detector where one of the photons is detected, and an optical shutter to suppress photons
between heralds; to release the photons “on-demand”, one also needs a low-loss switchable optical storage cell.'®
The limitations of each of these components offer opportunities for improvement. First, an optimal source
obviously requires high-efficiency conversion of the pump beam into photon pairs. Recent advances in crystal
structure engineering permit us to go beyond what has been possible with conventional monolithic crystals. One
possibility for improved conversion efficiency is periodically poled lithium niobate (PPLN), both in bulk and in a
waveguide structure, allowing for significantly higher nonlinear susceptibilities than are possible with traditional
down-conversion crystals.'6 17

As indicated above, the technique also relies on the capability to reject cases when more than one photon pair
is created in a pulse. One solution is to employ photon counters that can distinguish photon number with high
quantum efficiency'® (see Sect. 3). In lieu of such detectors, we can implement multiplexing schemes that allow
ordinary “photon-counting” detectors to achieve some of the capabilities of true photon-number detectors; the
upper beamsplitter in Fig. 2 is the simplest example, reducing the probability of an undetected double pair by
up to a factor of two (for perfect single-photon detection efficiency). The discriminating power of the technique
improves by using more spatial (or temporal) modes.'®
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Figure 2. Setup to generate single photons on demand. Photon pairs (represented by the two circles) are generated in
the process of spontaneous parametric down-conversion. The signal photon is transferred into the storage cavity only if
the trigger system detects exactly one idler photon. By using a series of “weak” pump pulses, the probability of more
than one pair per pulse may be kept low while keeping the probability of at least one detected pair from the series of
pulses close to one. Also, the 50-50 beam splitter (BS) is meant to represent any multiplexing arrangement to detect any
remaining double-pair events. The storage of the signal photon is accomplished by activating Pockels cells PC1 and PC2,
which change the signal-photon polarization from horizontal to vertical — so it is reflected by the intra-cavity polarizing
beam splitter (PBS) — and back to horizontal (so it remains in the cavity). By reactivating PC2 after the entire series of
pulses, the stored photon is released, thereby realizing a periodic source of single photons.

The main innovation of our scheme, however, is to pump the down-conversion crystal with a series of moderate-
power pulses, so that there is a high probability that at least one pair will be created in the series, but a low
probability that two pairs are created in any particular pulse. By storing the signal photon until a predetermined
release time, we can create a periodic source of single photons. The tradeoff is that the final rate of single photons
will be somewhat less than the pump rate. Initially we are developing a source with a target single-photon
emission rate of ~ 50 kHz. For this purpose we are using a frequency-tripled (1064 nm — 355 nm) short-pulsed
(~ 1/2 ns) Nd:YAG laser [JDS Uniphase #DNV- 005010-000]. By recycling each ~ 1.2-uJ pump pulse ~ 20
times, we expect a net single-pair probability of 70%, but a net double-pair probability of only 3% *. The
latter can be further reduced by using the previously mentioned techniques to detect double-photon events in
the idler arm.'® Finally, one limitation on the single photon probability is loss in the optical storage cavity,
primarily in the Pockels cell and polarizing beam splitter. The effects can be mitigated, however, by using a
multiple-attempts approach: Even after we store a single photon in the cavity, we keep monitoring the idler
arm for another potential single signal photon candidate pulse. If we find one, we switch this into the cavity,
simultaneously dumping the (somewhat attenuated) one that had been stored. By transmitting only the most
recently stored photon, the effects of loss are minimized. With these techniques, we anticipate a single-photon
probability of greater than 90%, with less than a 2% chance of more than one photon.

Assuming this prototype source is successful, we will then investigate the use of a Ti-Sapphire laser to increase
the speed to over 1 MHz. Although these rates are lower than those anticipated from some solid state devices,
e.g., single quantum dots,'® this source has greater flexibility in terms of controlling the output spatio-temporal
mode, which might be critical, e.g., for applications such as quantum lithography.?> The other advantage is
that the down-conversion sources may be readily modified to emit pairs of maximally entangled photons (i.e., in
polarization, or other degrees of freedom — see Sect. 2.4); thus this single-photon source development is a natural
step towards the goal of entanglement on demand. Finally, by using nondegenerate down-conversion, a telecom
wavelength photon may be heralded by an easily detected visible wavelength photon.2°

*For comparison, the maximum probability for a single photon in an attenuated laser pulse (described by a coherent
state) is 37%, with a corresponding 2-photon probability of 18%.



2.3. Arbitrary single-qubit state creation

Central to the long-term future of quantum computing is the capability of performing extremely accurate and
reproducible gate operations: the allowable error-per-gate operation should be less than 10™* to 10~ for fault-
tolerant operation.! Implementing such precise gate operations and preparing the requisite input states is
therefore one of the key milestones for quantum information processing. Using optical realizations of qubits,
e.g., polarization states of photons, we have the potential to meet these demanding tolerances. Therefore,
although large-scale quantum computers will perhaps never be constructed solely using optical qubits, these
systems nevertheless form a unique and convenient testbed with which to experimentally investigate the issues
surrounding state creation, manipulation, and characterization, and also ways of dealing with decoherence.

As mentioned in Sect. 2.2, when the idler photon from a PDC source is detected, we are left with a good
approximation to a single-photon state in the signal beam.!> We can then apply local unitary transformations
to the polarizations of these photons using a birefringent half-waveplate (HWP) and quarter-waveplate (QWP),
as indicated in Fig. 3a. We can also controllably introduce decoherence by passing the signal photons through
a birefringent delay element. This separates the H and V wavepackets (assuming the eigenaxes of the element
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Figure 3. (a) Setup to enable production and characterization of arbitrary single (polarization) qubit states of single
photons. The detection of a single photon in the top (idler) arm prepares an approximate single-photon state in the
bottom (signal) arm. Waveplates and decohering birefringent elements enable production of arbitrary single-qubit states
of the idler photons; these may be characterized with a tomographic measurement of the density matrix, by performing
polarization analysis in 3 bases. (b) Typical single-qubit results. On the left are shown the numerical density matrices of
the target states, while the second column shows a graphical representation of these. The measured density matrices are
shown in the third column; only the real parts are shown, as the imaginary elements are all very small (less than 2%).
The final column lists the fidelity between the measured and the target states.



are along H and V) by more than their coherence lengths; the net effect is to entangle the polarization to the
frequency. When this extra degree of freedom is traced over (by making a measurement that is insensitive to
frequency), the reduced density matrix for the polarization alone will be partially mixed.?!

Using these techniques for the single photon case, the initial pure horizontal state |H) may be precisely
converted into an arbitrary pure or mixed state. We have thereby created a variety of single-qubit states
(Fig. 3b). The fidelity T of our measured states with our targets is typically greater than 99.8%, and we estimate
that we can create and reliably distinguish over 3 x 10% single-qubit states.?

2.4. Entangled state creation

Applying the single-qubit techniques of the previous section to each output of a down-conversion crystal, we can
create arbitrary product states for two photons, that is, states with no quantum correlations between the signal
and idler polarizations. But these comprise only a very small part of the total two-qubit Hilbert space. To access
the rest, we create entangled states by adding a second down-converter with an orthogonal optic axis,” as shown
in Fig. 4a. Now a given pair of signal and idler photons could have been born in the first crystal, with vertical
polarizations, or in the second with horizontal polarizations. These two possibilities cannot be distinguished
by any measurements other than polarization, so the quantum state for these photons is a superposition of
[V)|V)and |H)|H). Because each crystal responds to only one pump polarization, the relative weights of the
two down-conversion processes can be controlled by adjusting the input pump polarization. A birefringent phase
plate is also added to one of the outputs to control the relative phase of the two contributions, so that we can
readily create nonmaximally entangled states of the form?*

[¥) o [H)|H) + e [V)|V) . (1)

Combined with arbitary single-photon local unitary transformations (implemented using a HWP-QWP-HWP
combination), any pure 2-qubit state can be produced. To access states that are not pure, but contain some
degree of mixedness, it is necessary to introduce decoherence. This is again accomplished using long birefringent
quartz rods, placed in one or both arms . If the resulting relative timing of the photon detections is in principle
sufficient to distinguish the polarization, the reduced density matrix for the polarization alone will be (partially)
mixed. With these techniques, we have prepared a variety of two-qubit states.?%27:28  Most recently, we have
discovered the necessary ingredients to prepare arbitrary states of two qubits, parametrized by 15 independent
real numbers.??

The density matrices are tomographically determined by measuring the polarization correlations in 16 bases,
and performing a maximum-likelihood analysis to find the legitimate density matrix most consistent with the
experimental results.>® In order to improve the speed and accuracy of our tomographic measurements, we
have implemented a fully automated system. In addition to reducing the total time for a measurement, and
significantly decreasing the uncertainty in the measurement settings, this automated system will also enable the
implementation of an adaptive tomography routine — by making an initial fast estimate of the state, most of
the data collection time is spent making an optimized set of measurements. With this sort of optimal quantum
tomography, we hope to reach the ultimate limit in quantum state characterization.

Our automated system has enabled the creation of a large number of states with widely varying degrees of
purity and entanglement. A convenient way to display these states is the “tangle-entropy” plane,?” shown in
Fig. 4b. The tangle is a measure of entanglement: separable states have tangle = 0 while maximally entangled
states have tangle = 1. Similarly, pure states have entropy = 0 while completely mixed states have (linear)
entropy of 1. Because it is impossible to have a state that is both completely mixed and completely entangled,

TThe fidelity is a measure of state overlap.?? For two general density matrices, p1 and pe, the fidelity is F(p1, p2) =
|Tr(y/\/P1p2+/P1)|. For two pure states [11) and |1)2), this simplifies to |(¥1]t2)]?.

fNote that, due to the long coherence length of the parent pump photons, one can now also observe more subtle
two-photon interference effects, in which the possibility that the photons were born at one time with one polarization
interferes with the possibility that the photons were born at a different time with a different polarization. Consequently,
if the photons both experience decoherence in the same basis, then certain states will be completely unaffected. These

. 25,2
states comprise a “decoherence-free subspace”.?% 26
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Figure 4. (a) Experimental arrangement for two-photon state creation and verification. A 351-nm laser beam has
its polarization adjusted by a half-wave plate (HWP), and generates polarization-entangled photons within a pair of
orthogonally oriented PDC crystals. A tipped quarter-wave plate (QWP) in the upper beam adjusts the relative phase
between the entangled HH and VV amplitudes, and the polarization of each photon is further individually modified with
a HWP and QWP. The photons then pass through decohering elements, consisting of ~1-cm thick quartz plates. To
measure the resultant state, tomography is performed using another QWP, HWP, polarizer (PBS), and detector, that
measure the photons’ correlations in a total of 16 different bases.?* 3° (b) The tangle-entropy plane. The upper left corner
corresponds to maximally entangled pure states, the lower left corner to pure product states, and the lower right corner
to the completely mixed state; states in the upper right portion of the plot are not physically allowed. After their density
matrices are determined via tomography, experimentally realized states are plotted here as a function of their mixedness
(linear entropy) and their degree of entanglement (tangle). Error bars represent the range of possible tangle-entropy
values consistent with the uncertainties in the density matrices. The Maximally Entangled Mixed States (MEMS) lie on
the boundary between states that are physically possible, and those that are not. The Werner states (dotted curve) are
a class of states once thought to form this boundary.

there is an implied boundary between states that are physically possible and those that are not: this boundary
is formed by the “maximally entangled mixed states” (MEMS), which possess the largest degree of entanglement
possible for their entropies.3!

3. DETECTORS

The ability to detect photons with high efficiency and to distinguish the number of photons in a given time
interval is a very challenging technical problem with enormous potential pay-offs in quantum communication



and information processing, as well as fundamental physics. For example, violations of Bell’s inequalities, which
reveal the non-local nature of quantum mechanics, may only be performed indisputably when the detection
efficiencies are very high; to date this has not been achieved in any optical experiment. In addition to the
obvious relevance for metrology, recent proposals for realizing scalable quantum computing using only linear
optics require very high efficiency photon-counting detectors (> 99%).%32 In addition, it is crucial that the
detectors be able to distinguish the number of incident photons (e.g., tell the difference between 1 and 2 photons,
or more generally, between n and n + 1). Such detectors might also enable the preparation of many-photon
entangled states,>® which could be of great utility in other quantum information schemes, such as quantum
lithography. Finally, there are other applications, such as telecom fiber-based quantum cryptography, whose
performance is currently limited by poor infrared detector performance.? 34

3.1. Current photon detectors

Most modern photon detectors rely to a greater or lesser extent on the photoelectric effect: incident photons
are converted to individual photo-electrons, either ionized into vacuum or excited into the conduction band of
some semi-conductor. Either way, one is relying on the capability of amplifying single electrons up to detectable
levels of current in order to produce a tangible signal For example, the silicon avalanche photodiodes used in
many photon counting experiments typically have efficiencies n &~ 75% (though the net detection efficiency is
usually much less), and rather low dark noise (less than 100 per second).?> A number of experiments have used
a variation of this technology, in which the silicon is lightly doped. These “visible-light photon counters” have
displayed efficiencies up to 88%, and predicted to be as high as 95%.'%3% Moreover, they have demonstrated
the ability to distinguish the number of initial photo-electrons produced (which for n ~ 100% is the same as
the number of incident photons). Unfortunately, these devices require cooling to 6K, and display very high dark
count rates (up to 50,000 s~!), undesirable for quantum communication.

The situation with single-photon detection in the infrared is much worse. Until now, the best means of
detecting these photons has been with infrared-optimized APDs, usually InGaAs or Ge. However, these detectors
suffer from relatively low quantum efficiency (10%), high dark counts (50,000 — 100,000 s=!) and the need for
cryogenic cooling.?®  While efficiencies up to 20% are attainable, the concomitant extra dark count noise reduces
the usefulness of these detectors, e.g., for quantum cryptography,?2 where the efficiency limits the bit rate and
distance achievable by the key distribution protocol. Thus, any improvements over standard IR, APDs would be
beneficial for this and other applications.

One possible solution is the use of low temperature superconducting bolometric detectors. These rely on the
sudden change in transport impedance at the superconducting transition when a photon is absorbed. Encouraging
exploratory work studying these devices has been carried out by several groups.>”>3® Two kinds of devices have
been studied. One uses a tungsten film as the sensing element, and operates near 100 mK; because of the low
temperature of operation, this device can operate in an energy dispersive mode, both counting the arrival of single
photons and obtaining some spectral information.3” In addition to the inconvenient cryogenic requirement,
the time constant of this device is about 10 ms, severely limiting the photon detection rate. In contrast,
bolometers made with higher temperature superconductors®® obtain smaller signals and have not operated in
energy dispersive mode, but the detection time constant is significantly shorter, ~100 ps.

3.2. Infrared up-conversion detector

The nonlinear process of frequency up-conversion — the reverse of down-conversion — can greatly enhance single-
photon detection in the infrared. After up-converting an infrared photon (at 1550 nm) to a visible one (at
631 nm), we can detect it with silicon APDs, superior to the infrared APDs currently in use.?® To achieve
high-efficiency frequency up-conversion, we use an intense escort laser pulse at 1064 nm (from a pulsed Nd:YAG
laser), a very weak input laser, and a bulk crystal of PPLN (see Fig. 5a). The PPLN has been quasi-phase
matched to up-convert one photon from the input beam and one photon from the escort beam into a single
output photon. Due to energy conservation, the output frequency w, = wgs1 is the sum of the input frequency
w; = w1550 and the escort frequency we = wigg4-
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Figure 5. Frequency up-conversion setup and data. (a) Simplified experimental system for high-efficiency detection of
IR photons using visible-wavelength detectors. By mixing 1550-nm photons with a strong escort pulse at 1064 nm in a
PPLN crystal, it is possible to obtain near unit conversion efficiency to 631-nm photons, which may then be detected by
a high-efficiency silicon APD. (b) Experimental plot showing the linear relationship between the output light (632 nm),
and the input signal (1550 nm). Although this data was taken with a cw IR signal and a pulsed escort laser at 1064 nm,
we can infer an approximate up-conversion efficiency per pulse of ~ 80%.

From the relations that describe the field evolution in a nonlinear medium,*® we can readily solve for Fg31(2),

the electric field strength of the 631-nm light, as a function of the propagation distance z in the crystal. We find

) Jwis50 we31 dgEro64
Eg31  sin ( Q z ), (2)
N1550 N631  C

Eg31 o sin (%) ) (3)

c

or

where the spatial period L. for this process is
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Here ni550 and ne3; are the LiNbOs indices of refraction at 1550 nm and 631 nm, respectively, and dg is the
effective nonlinear coefficient. Because the process is quasi-phase matched we are able to use the largest nonlinear
tensor element (ds3 = 40 pm/V), more than an order of magnitude larger than the usable element without quasi-
phase matching. We note that the evolution of the system is essentially analogous to a Rabi oscillation between
the input (1550-nm) and output (631-nm) states, driven by the escort electric field. By choosing a crystal length
L./2, we can achieve very high up-conversion efficiency.

We have measured this up-conversion process in the non-depletion regime, where the output intensity is linear
with the input intensity. Figure 5b shows a graph of the output intensity measured using a silicon photodiode at
various input intensities. In our experiment the 1064-nm escort beam is pulsed while the 1550-nm input beam is
continuous, creating a 631-nm output beam which is also pulsed.?® The absolute conversion efficiency from input
to output is thus very low, since most of the input light passes through the crystal in between escort pulses .
However, by knowing the escort intensity profile and the pulse repetition rate (= 7.2 kHz), we extrapolate a peak
conversion efficiency of greater than 80%. By employing a short pulsed 1550-nm source it should be possible to

§An alternate approach is being followed by Wong et al., who are using a cw escort beam and a high-finesse power
buildup cavity; their reported peak conversion efficiencies are similar to ours.*!



increase this further, as the photons may then be directed into the crystal when the escort field strength is near
its maximum. For a 100-ps signal pulse (compared to the ~500-ps width of the escort pulse), the calculated
conversion efficiency is over 99%. We are in the process of implementing this improvement.

In addition to measuring the up-converted intensity produced by a “classical” input beam, we have also
measured high efficiency up-conversion at the single-photon level. By using a series of neutral density filters, we
attenuate our 1550-nm source such that, on average, only a single photon overlaps with the escort pulse. By
counting 631-nm photons (with a Si APD) in coincidence with the escort pulse, we determined that the efficiency
at the single photon level agrees with the 80% value obtained at the higher input intensities. The background
during these single photon measurements — defined as the probability of a dark count occuring during a 1-ns
window around the photon arrival — was measured to be 3 x 10™%, mostly due to fluorescence effects from the
escort pulse. Further design improvements should reduce this background by another order of magnitude.

3.3. Atomic vapor-based single-photon counting detectors

Finally, we will describe a rather different approach to high-efficiency photon counting.*? 43 Instead of converting
each photon to a single photo-electron, we propose a compound process by which a single photon can be converted
into many photons. The basis of our proposal is to combine the controlled absorption of light and the high
efficiency scheme for projective quantum state measurements in ion traps.**  Our scheme consists of a cell
containing the vapor of some atomic species, e.g., an alkali such as Cesium or Rubidium (Fig. 6). This vapor will
be used to coherently absorb the radiation from an incident beam in a controlled fashion. A number of auxiliary
lasers prepare the initial quantum state of the atoms in the vapor, and control the interaction of the atoms with
the radiation field. The radiation to be detected is directed into the cell along with an “escort” pulse, giving
each photon some small probability to excite an atom to a metastable state via a Raman transition. Because
there are many atoms, the chance that each photon is absorbed by one of them can be near unity. Next a strong
read-out light is applied, which repeatedly excites any atom in the metastable state; the photons resulting from
spontaneous decay may then be detected. Because there are many photons produced — typical cycling transition
rates are ~ 100 MHz — the chance of not detecting any at all becomes vanishingly small for realistic detector
efficiencies. If an imaging photon detection scheme is used, the number of excited atoms may even be counted,
thereby allowing one to reliably distinguish input states of different photon number. For a realistic system using
50,000 Cesium atoms cooled to 1 mK, in a cigar-shaped region (2 mm x 100 pm x 100 pm), we estimate a final
photon detection efficiency of 99.8%, assuming each photon from the cycling transition is observed with a net
efficiency of 10%. However, there remain some serious issues concerning “dark counts” still to be addressed.*®

4. MISCELLANEOUS
4.1. Quantum state transducer

The capability to faithfully up-convert a single photon in an arbitrary polarization state to a higher frequency
while preserving the original polarization state is highly desirable, e.g., for distributed quantum computing.
The transmission of qubits between quantum computers, especially over large distances, would most easily be
accomplished by photons at 1550 nm (which has the highest transmission through fiber optics). Depending on
the scheme used for computation, the storage or processing of qubits may likely require photons in the visible
spectrum, e.g., corresponding to some atomic transition, and so a method must be developed for converting
between wavelengths at the single photon level while coherently maintaining the polarization state.46

The single-crystal upconversion scheme described in Sect. 3.2 only operates on one of the polarizations
of the incident 1550-nm photon. To faithfully convert an arbitrary polarization state we can incorporate a
second PPLN crystal in series with the first, but oriented such that its optic axis is rotated by 90° around the
propagation direction (see Fig. 7). By using an escort laser polarized at 45°, i.e., with equal horizontal and
vertical components, we can up-convert the horizontal component of the input photon in the first crystal and
the vertical component in the second. Note that this is essentially the inverse process of the one discussed in
Sect. 2.4 for creating entangled states using two down-conversion crystals.” (See also the related work by Shih
et al.47)

After filtering out all of the remaining escort photons, we will be left with a single output photon. Dispersion
and birefringence effects in the PPLN crystal will cause the final photon to have an additional phase between its
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Figure 6. Simplified schematic showing atomic vapor scheme for achieving near unit-efficiency photon counting detection.
(a) The relevant energy levels of the atomic species, e.g., Cesium, allow the incident photon, in the presence of a strong
escort beam (dotted arrow) to enable a two-photon off-resonant (to level |3)) Raman transition from the ground state |1)
to the metastable state |2); the subsequent activation by the recycling pulse (dashed arrow) produces many photons from
the repeated |4) — |2) transitions. (b) The experimental setup indicates how an imaging system might be used to count
the number of excited atoms, and consequently the number of incident photons in the signal.
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Figure 7. Simplified schematic showing system for quantum state transduction of an arbitrary input polarization state.
Two perpendicularly oriented PPLN samples are used; the horizontal (vertical) polarization component of the input
signal is up-converted in the first (second) crystal, by combining with the horizontal (vertical) component of the 1064-nm
escort pulse. After correcting for some associated birefringent walkoff and phase shift effects, the polarization state of the
incident signal should be faithfully converted to the higher frequency photon.

horizontal and vertical components. However, using the transformation methods described in Sect. 2.3, the final
polarization state may be converted to match the input.

4.2. Quantum memory

There are a number of quantum information processing applications where a quantum memory for photons is
required. These include: linear optics scalable quantum computing,® 32 quantum repeaters® #® for long distance
teleportation and quantum key distribution, and, as discussed in a companion article in these Proceedings,*’
cryptography protocols that involve special relativity in addition to quantum mechanics. Specifically, it is neces-
sary to store the state of a photon, which in principle could be done by transferring the quantum information to a
more permanent object, such as an atom. However, such systems for “stopped light” are not yet technologically
possible at the single-photon level, or for durations more than ~1 ms.?%®! Therefore, we are taking a more



a)

Figure 8. Low-loss optical storage system. (a) Using a pair of cylindrical mirrors (whose axes are nearly orthogonal), it
is possible to realize a many-pass optical delay line with high transmission. In our current design, the photon enters via
a small hole in one of the mirrors, and makes ~ 80 passes before leaving via the same hole. For a 2-meter long cavity,
this implies a delay time of nearly 1 us. High-reflectivity custom mirror coatings should enable transmissions in excess
of 98%. (b) The spot pattern for a 50-pass system, observed via the small fraction of light scattering off one of the end
mirrors.

direct approach, that of an ultralow-loss optical delay line (see Fig. 8). In contrast to the scheme of Pittman
and Franson,®? our delay line is similar to Herriott cells used in long path-length spectroscopy.?® Two high-
reflectivity mirrors are separated by approximately 2 m; one of them has a small aperture through which the
light enters and, after a specified number of passes through the delay line, exits. Traditionally such delay lines
have employed astigmatic mirrors, so that the resulting spot pattern on the mirrors fills much of the area (not
possible with spherical mirrors), thus minimizing the leakage of light through the coupling hole before the desired
exit cycle. Unfortunately, these mirrors are difficult to fabricate to the exacting standards we require. Instead,
we have designed a system using a pair of cylindrical mirrors oriented at approximately right angles (see Fig.
8), but twisted slightly in order to introduce an effective astigmatism (for more details, see the accompanying
article?). We have constructed a preliminary prototype of the system, and have been able to store light for
nearly 1 us.

The transmission with our present system is less than 20%, as the mirrors are not specifically coated for the
optical wavelength we are using (670 nm). In fact, with 80 passes (159 reflections), the reflection probability per
bounce is 98.9%. With readily obtainable mirror reflectivities over 99.99%, a transmission in excess of 98% is
expected. It is also desirable that the delay line preserve the polarization of the stored photon **. Because all
the incidence angles in our system are very close to normal, there is nothing to distinguish, e.g., horizontal and
vertical polarization, so the system as a whole is expected to be essentially polarization insensitive. Preliminary
measurements on our prototype storage cavity support this claim.

One potentially useful feature of such a storage system, if properly designed, is that the condition for a “re-
entrant ray” (one which will exit via the entrance hole after a given number of passes) holds for all incident rays,
as long as they do not at some point miss one of the mirrors. Such a feature is crucial for successful operation
in a practical system, where one cannot necessarily guarantee the precise direction of the captured photons.
Moreover, it means that our delay line could be used for simultaneous storage of multiple photons, or of a single
photon for multiples of the base cavity storage time. Hence, it may be possible to use an extension of the system
outlined here to store quantum states for up to 10 us, with less than 2% loss (assuming mirror reflectivities of
at least 99.999%, which is still an order of magnitude less than current state of the art).

**The more correct statement is that the storage system should at most apply some constant unitary transformation
to the polarization, which could then be undone using a pair of waveplates after the cavity. However, if the delay line
introduces decoherence to the state (as is perhaps more likely, e.g., in a fiber optic delay line), then compensation becomes
difficult if not impossible.
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