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Evolution of Communication Networks

1st phone call, 1876
NY-Chicago, 1892

Long-distance 
communication, 1915

Vacuum Tubes
(First triode, 1907)

“Manual” switching 
networks, ~1950s

Modern telephone networks ~1980s

Voice Dominates!
Distributed Computing (Data Centers)

Google

Global Internet Since 1990s

Data Dominates!
~QKD~Generic Q. Networks



ECE 590.01 Quantum Engineering with Atoms
Spring 2020 Semester, Duke University

Interface: Quantum Memories & Photons
• Early Ideas: State Transfer between Quantum Nodes

– Memory-photon coupling enhanced by optical cavities
– Experimental demonstration of atoms in cavities
– Technical Challenges for “Pitch and Catch”

• Precise pulse tailoring for efficient transfer
• Photon loss leads to qubit losses
• “Capturing” the photonic qubit by the memory qubit is challenging

Cirac, Zoller, Kimble and Mabuchi, PRL 78, 3221 (1997)
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Interface: Quantum Memories & Photons
• Early Ideas: State Transfer between Quantum Nodes

– Memory-photon coupling enhanced by optical cavities
– Experimental demonstration of atoms in cavities
– Technical Challenges for “Pitch and Catch”

• Precise pulse tailoring for efficient transfer
• Photon loss leads to qubit losses
• “Capturing” the photonic qubit by the memory qubit is challenging

S. Ritter et al., Nature 484, 195 (2012)
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Key Attributes of Quantum Networks

• Essence of “(Quantum) Data Communication between Machines”
– Distance of Communications

• Within a quantum processor node (~1 mm – 1 cm)
• Between processor nodes (~10 cm – 10 m)
• Long-distance nodes (~100 m – 10,000 km)

Location A Location BDistance L (0.1m – 10,000km)

Location C
Location D

Quantum
Network

– Types of Applications
• Secret key generation (measurements on both ends: easy!!)
• Quantum repeaters (entanglement swapping operation)
• Generic quantum interconnects (remote quantum gates)
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Generation of Remotely Entangled Memories

Quantum
Memory A

(Location A)

Quantum
Memory B

(Location B)

Photon C Photon D50/50
Beamsplitter

Photon Detector Photon Detector

• With a good quantum memory, the generated entanglement can be stored and 
used for deterministic quantum logic operation

• Opportunities for photonics technology
– Optical networking to construct quantum networks
– Manipulation of photonic qubits (frequency conversion, etc.)

Ion-Photon (2004)
Atom-Photon (2006)
NV-Photon (2010)
QD-Photon (2012)

Ion-Ion (2007)
Atom-Atom (2012)

NV-NV (2013)
QD-QD (2015)

• When both photon detectors click, it signals successful entanglement between A&B
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Remote CNOT Gate Construction
• Logic gates between two qubits can be realized without direct 

interaction, if entanglement is used

Gottesman and Chuang, Nature 402, 390 (1999)
Zhou, Leung and Chuang, PRA 62, 052316 (2000)

• Extremely useful for scalable distributed quantum multi-computer!!
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MUSIQC: Multi-Tier Approach to Scalability
• Quantum Computation in Small Coulomb Crystals

– Linear ion chain with 20-100 ions (Elementary Logic Unit, or ELU)
– Arbitrary quantum logic operation among the qubits in the chain

• Interconnect of Multiple Coulomb Crystals via Photonic Channel
– Reconfigurable interconnect using optical crossconnect (OXC) switches
– Efficient optical interface for remote entanglement generation



Optical Fiber Communications Conference
San Diego, CA, March 8-12th, 2020

I/O Single-mode Fibers
Imaging 
Lenses

Reflector

MEMS 2-axis 
Tilt Mirrors

Beam Steering Optical Switches

• Only feasible Technology to scale to Large Portcount
• Proper design eliminates path length-dependent loss

Optical switches developed in early 2000s, deployed in datacenters today
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Aksyuk et al., 
IEEE PTL 15, 587 (2003)

World’s Largest Optical Switch, Ever!!

Surface Micromachined Mirror Bulk Micromachined Mirror

J. Kim et al., IEEE PTL 15, 1537 (2003)

256 x 256
Optical 
Switch

1296 x 1296
Optical Switch



ECE 590.01 Quantum Engineering with Atoms
Spring 2020 Semester, Duke University

Quantum Repeater Platform
• Quantum Repeater for Long-Distance Quantum Communication

– Small quantum computer with two optical ports function as a quantum repeater

Monroe and Kim, Science 339, 1164 (2013)

Communication 
Qubits 

Nonlinear Quantum 
Wavelength Converter 

Visible/UV 
Photon 

Telecom 
Photon 

Fiber 
Coupling Pump 

Laser 

Entangled!! Entangled!!

Entangled!!
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171Yb+ ion

optical
fiber

50/50
BS

Simon & Irvine, PRL 91, 110405 (2003)
L.-M. Duan, et. al., QIC 4, 165 (2004)
Y. L. Lim, et al., PRL 95, 030505 (2005)
D. Moehring et al., Nature 449, 68 (2007)

H1 V2
Heralded coincident events (psuc=1/4):
(H1 & V2) or (V1 & H2) → |↓↑ñ - |↓↑ñ
(H1 & V1) or (V2 & H2) → |↓↑ñ + |↓↑ñ
(H1 & H1) or (H2 & H2) → |↓↓ñ
(V1 & V1) or (V2 & V2) → |↑↑ñ

l/4
l/4

171Yb+ ion

V1 H2

Rent = 0.001− 0.025s
−1

R: Repetition Rate
hD: Detector Efficiency
dW: Collection Solid Angle
F: Collection Efficiency

𝑅!"# =
1
4
𝑅 𝜂$ & 𝐹 &

𝑑Ω
4𝜋

%

The Protocol: Ion-Photon Entanglement
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171Yb+ ion

optical
fiber

50/50
BS

H1 H2
Heralded coincident events (psuc=1/2):
(H1 & V2) or (V1 & H2) → |↓↑ñ - |↓↑ñ
(H1 & V1) or (V2 & H2) → |↓↑ñ + |↓↑ñ
(H1 & H1) or (H2 & H2) → |↓↓ñ
(V1 & V1) or (V2 & V2) → |↑↑ñ

l/4
l/4

50/50
PBS

50/50
PBS V1 V2

171Yb+ ion

R = 470kHz

p =ηD ⋅F ⋅
dΩ
4π

= (0.35)(0.14)(0.10)

Rent = 4.5s
−1

Hucul et al, (UMD) Nature Phys. 11, 37 (2015)
NA 0.6 Lens

Simon & Irvine, PRL 91, 110405 (2003)
L.-M. Duan, et. al., QIC 4, 165 (2004)
Y. L. Lim, et al., PRL 95, 030505 (2005)
D. Moehring et al., Nature 449, 68 (2007)
Kim, Maunz & Kim, PRA 84, 063423 (2011)

𝑅!"# =
1
4
𝑅 𝜂$ & 𝐹 &

𝑑Ω
4𝜋

%

Heralded coincident events (psuc=1/4):
(H1 & V2) or (V1 & H2) → |↓↑ñ - |↓↑ñ
(H1 & V1) or (V2 & H2) → |↓↑ñ + |↓↑ñ
(H1 & H1) or (H2 & H2) → |↓↓ñ
(V1 & V1) or (V2 & V2) → |↑↑ñ

𝑅!"# =
1
2
𝑅 𝜂$ & 𝐹 &

𝑑Ω
4𝜋

%

The Protocol: Ion-Photon Entanglement

Oxford Result: 180 s-1 with Sr+ ions
Stephenson et al., arXiv:1911.10841 (2019)

~10,000 s-1 is feasible



Southwest Quantum Information and Technology Workshop
University of Oregon, Eugene, OR, February 8-10th, 2020

Small-Volume Optical Cavities
• Achieve stronger coupling with ions
• UV cavity is more difficult than IR cavities!!

Takahashi et al., Phys. Rev. Lett. 124, 013602 (2020)
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Fully Integrated Wavelength Conversion
• Fully integrated device to convert 650nm photon to 1595nm
• Two-step conversion to eliminate spontaneous parametric down-conversion 

(SPDC) and Stokes-Raman noise

pump / signal 
combiner #1

pump / signal 
combiner #2

U-bend for  
923 nm

DFG QPM
2.2 um / 650 nm

DFG QPM
2.2 um / 923 nm

1595 nm 
output

Double-pass configuration w/ integrated U-bend & WDMs
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Fully Integrated Wavelength Conversion

DFG-A
650 nm → 923 nm

DFG-B
923 nm → 1595 nm

Both processes can be driven to near unity conversion

99% 99%

Both processes operate at identical pump wavelength and temperature

• Fully integrated device to convert 650nm photon to 1595nm
• Two-step conversion to eliminate spontaneous parametric down-conversion 

(SPDC) and Stokes-Raman noise
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Wavelength Conversion from Ions

SIVERNS, HANNEGAN, and QURAISHI PHYS. REV. APPLIED 11, 014044 (2019)

II. METHODS AND EXPERIMENTAL DETAILS

Quantum frequency conversion (QFC) [28], in a period-
ically poled lithium-niobate (PPLN) waveguide, frequency
converts a photon of one frequency to another while pre-
serving its quantum properties [29–31]. PPLNs provide a
modular component for integration in a quantum network
[32]. Using a three-wave parametric χ (2) nonlinearity,
QFC generates an output photon via optical difference-
frequency generation (DFG) between a pump and an input
photon. By selecting a pump frequency lower than the
desired output frequency, we can minimize noise photons
at undesired optical frequencies resulting from sponta-
neous parametric downconversion and anti-Stokes Raman
processes [33].

As shown in Fig. 1(a), a single 138Ba+ ion is trapped
using electrodes in a blade-trap configuration, which is
housed in an ultra-high-vacuum chamber on the ion table
[27]. Windows in the vacuum chamber allow for two col-
lection lenses, each with a numerical aperture (NA) of 0.4,
to collect ion fluorescence from both sides of the cham-
ber simultaneously. The windows are antireflection coated
and the total fluorescence collection is approximately 8%
at 493 nm. Collection lens A directs free-space light into a
photomultiplier tube (PMT), with a specified quantum effi-
ciency (QE) of around 6% (Hamamatsu H11870-01) at 493
nm, via a doublet lens, a 493 nm notch filter, and an iris.
The 138Ba+ ion is Doppler cooled with 493 nm light on the
2S1/2-2P1/2 transition and repumped out of the metastable
2D3/2 state with light near 650 nm.

The Doppler- and repump-beam frequencies are
stabilized to an optical wavelength meter to approximately

2 MHz. With this setup, we observe a maximized
fluorescence rate from the ion of approximately 20 800
counts/s using the PMT. Photons collected via lens B are
sent into a single-mode fiber (SMF) with a coupling effi-
ciency of approximately 17% and then sent either directly
to an avalanche photon detector (APD) (Perkin Elmer
SPCM-AQR-15) with a QE of approximately 45% at 493
nm or to the frequency-conversion setup [Fig. 1(b)], where
they are converted to 780 nm and sent to the APD, with a
specified QE of approximately 60% at 780 nm. When sent
directly to the APD, the measured 493 nm photon count
rate is approximately 26 600 counts/s.

The frequency-conversion setup shown in Fig. 1(b)
spatially combines the 493 nm light and the 1343 nm
pump using a dichroic mirror. A ×20 objective lens
then focuses the combined beams onto the PPLN waveg-
uide (Srico 2000-1004). The PPLN output facet couples
directly into a polarization-maintaining SMF designed for
use near 800 nm. Light out of the PPLN fiber is free-
space coupled to allow for 70 dB of pump filtering and
59 dB of nonconverted 493 nm leak-through filtering
using a filter set (ThorLabs FBH780-10 and two Semrock
FF01-1326/SP-25).

III. RESULTS

A. The quantum-frequency-conversion efficiency and
tunability

To determine the QFC efficiency of the PPLN setup, a
493 nm laser, locked to 607.425690(2) THz, and a pump
at 1343 nm are used as inputs to the PPLN waveguide.

(a) (b)

FIG. 1. (a) A schematic of the trapped-ion setup, showing two separate optical collection paths that are situated on opposite sides of
an ultra-high-vacuum chamber. The vacuum windows are antireflection coated and allow optical access for two 0.4 numerical aperture
(NA) objectives, lens A and lens B. The 493 nm photons collected by lens B are collimated and launched into a single-mode fiber
(SMF) of a few meters in length. A photomultiplier tube (PMT) measures the photons collected by lens A. (b) The quantum-frequency-
conversion (QFC) setup, including a half-wave plate (HWP) and a dichroic mirror that combines 493 nm and pump photons. A ×20
objective couples the combined light into a periodically poled lithium-niobate (PPLN) waveguide with a small length of polarization-
maintaining single-mode fiber (PM-SMF) butt-coupled to its output facet. The light emitted from this fiber is free-space propagated
to allow for the use of optical filters and then recoupled into a standard SMF, a few meters in length, for detection by an avalanche
photodiode (APD). Photon-detection events are monitored using a time-correlated two-channel single-photon counter (TCSPC).

014044-2

• Converting emitted photons from an ion
– 493nm photon from Ba+ ion converted to 780nm 
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FIG. 2. The end-to-end conversion efficiency of the DFG from
493 to 780 nm (black circles and left-hand axis) and noise pro-
duced in the bandwidth allowed by our filtering (red squares and
right-hand axis) as a function of the pump power coupled into
the waveguide. The inset shows the signal-to-noise ratio (SNR)
of the conversion process for the case where the signal is from
the fiber-coupled ion light, as described in the main text. The
error bars on the pump power are from fluctuations of the mea-
sured power and the error bars on the efficiency are primarily
from DFG signal-power fluctuations.

The pump power is varied while the DFG optical power
is measured after the filters. The end-to-end efficiency is
determined by taking the ratio of the measured DFG power
to the 493 nm power sent to the device, while correcting
for the change in frequency. The end-to-end conversion
efficiency depends on the pump power coupled into the
waveguide, as shown in Fig. 2, with a maximum of approx-
imately 19% at a coupled pump power of approximately
210 mW. The efficiency is largely limited by the coupling
(approximately 30%) of the 493 nm light into the PPLN.

To facilitate hybrid interactions, it is important that
the PPLN DFG output be tunable to resonance with the
87Rb D2 transition at 384.228 THz [34], while at the same
time the input frequency needs to be resonant with the
barium ion. This double-resonance condition gives two
constraints that are met by identifying appropriate pump-
wavelength and PPLN-oven-temperature operation points.
To determine these values, the DFG output is maximized at
a pump wavelength near 1336 nm at a PPLN oven temper-
ature of 35.5 ◦C. The wavelength of the DFG is then tuned
to that of the 87Rb D2 line by increasing the pump wave-
length to a value of 1343.169 nm and tuning the PPLN
temperature to 43 ◦C. All of the tuning is carried out with
the 493 nm laser locked to Ba+ resonance. Fine tuning
of the DFG signal frequency is possible by adjusting the
pump wavelength, as shown in Fig. 3.

While operating at the maximum conversion efficiency
increases the number of 780 nm photons produced, the
larger pump power required results in increased production
of anti-Stokes noise photons. Therefore, when frequency
converting light from the ion, it is critical to chose a pump
power that is close to the maximum signal-to-noise ratio

FIG. 3. The DFG output frequency as a function of the pump
wavelength near 1343 nm. The inset is a block diagram of the
setup, showing simultaneous resonant-ion fluorescence when the
Ba+ ion Doppler-cooling laser (2S1/2-2P1/2 transition) is locked
to 607.425690(2) THz while the DFG PPLN output is at the
87Rb D2 line frequency of 384.227982(2) THz [34] (red data
point), as measured to a 2 MHz accuracy using a wavelength
meter (WM) (HighFinesse WSU/2). The PPLN temperature is
held at a constant temperature of 43 ◦C during this procedure.

(SNR) of the DFG light. Figure 2 shows the noise inside
the bandwidth of the filters as a function of the pump
power coupled into the waveguide as well as the result-
ing SNR (see the inset of Fig. 2) for the case of a signal
from fiber-coupled ion fluorescence.

For single-photon measurements, we use a value of
the pump power that corresponds to a near optimal SNR
(shown in the inset of Fig. 2) and the pump wavelength and
oven temperature shown in Fig. 3. With approximately 40
mW of pump light coupled into the waveguide, we mea-
sure a total noise level of approximately 300 counts/s on
the APD, which includes an APD detector dark-count rate
of approximately 100 counts/s. We measure no pump leak-
age through the filters, as when the PPLN is bypassed only
APD dark counts are observed. Therefore, counts above
the APD dark-count rate are attributable to anti-Stokes
Raman photons produced by the pump within the filter-
ing wavelength range of 780 ± 5 nm. Importantly, there
are no detectable levels of 493 or 650 nm ion light mak-
ing it through the filters by observing count rates equal
to that of the APD dark counts when only the ion light is
present. Therefore, any subunitary second-order intensity-
correlation measurements detected between events on the
APD and the PMT can only be caused by correlations
between frequency-converted 780 nm photons (at the
APD) and unconverted 493 nm photons (at the PMT).

When both 493 nm photons from the ion and the 40 mW
pump light are present in the PPLN waveguide, the mea-
sured count rate of the 780 nm DFG light is approximately
600 counts/s, giving a SNR of approximately 2. A conver-
sion efficiency of approximately 2.3%, including all optical
and fiber-coupling losses, is determined by taking the ratio

014044-3
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FIG. 2. The end-to-end conversion efficiency of the DFG from
493 to 780 nm (black circles and left-hand axis) and noise pro-
duced in the bandwidth allowed by our filtering (red squares and
right-hand axis) as a function of the pump power coupled into
the waveguide. The inset shows the signal-to-noise ratio (SNR)
of the conversion process for the case where the signal is from
the fiber-coupled ion light, as described in the main text. The
error bars on the pump power are from fluctuations of the mea-
sured power and the error bars on the efficiency are primarily
from DFG signal-power fluctuations.

The pump power is varied while the DFG optical power
is measured after the filters. The end-to-end efficiency is
determined by taking the ratio of the measured DFG power
to the 493 nm power sent to the device, while correcting
for the change in frequency. The end-to-end conversion
efficiency depends on the pump power coupled into the
waveguide, as shown in Fig. 2, with a maximum of approx-
imately 19% at a coupled pump power of approximately
210 mW. The efficiency is largely limited by the coupling
(approximately 30%) of the 493 nm light into the PPLN.

To facilitate hybrid interactions, it is important that
the PPLN DFG output be tunable to resonance with the
87Rb D2 transition at 384.228 THz [34], while at the same
time the input frequency needs to be resonant with the
barium ion. This double-resonance condition gives two
constraints that are met by identifying appropriate pump-
wavelength and PPLN-oven-temperature operation points.
To determine these values, the DFG output is maximized at
a pump wavelength near 1336 nm at a PPLN oven temper-
ature of 35.5 ◦C. The wavelength of the DFG is then tuned
to that of the 87Rb D2 line by increasing the pump wave-
length to a value of 1343.169 nm and tuning the PPLN
temperature to 43 ◦C. All of the tuning is carried out with
the 493 nm laser locked to Ba+ resonance. Fine tuning
of the DFG signal frequency is possible by adjusting the
pump wavelength, as shown in Fig. 3.

While operating at the maximum conversion efficiency
increases the number of 780 nm photons produced, the
larger pump power required results in increased production
of anti-Stokes noise photons. Therefore, when frequency
converting light from the ion, it is critical to chose a pump
power that is close to the maximum signal-to-noise ratio

FIG. 3. The DFG output frequency as a function of the pump
wavelength near 1343 nm. The inset is a block diagram of the
setup, showing simultaneous resonant-ion fluorescence when the
Ba+ ion Doppler-cooling laser (2S1/2-2P1/2 transition) is locked
to 607.425690(2) THz while the DFG PPLN output is at the
87Rb D2 line frequency of 384.227982(2) THz [34] (red data
point), as measured to a 2 MHz accuracy using a wavelength
meter (WM) (HighFinesse WSU/2). The PPLN temperature is
held at a constant temperature of 43 ◦C during this procedure.

(SNR) of the DFG light. Figure 2 shows the noise inside
the bandwidth of the filters as a function of the pump
power coupled into the waveguide as well as the result-
ing SNR (see the inset of Fig. 2) for the case of a signal
from fiber-coupled ion fluorescence.

For single-photon measurements, we use a value of
the pump power that corresponds to a near optimal SNR
(shown in the inset of Fig. 2) and the pump wavelength and
oven temperature shown in Fig. 3. With approximately 40
mW of pump light coupled into the waveguide, we mea-
sure a total noise level of approximately 300 counts/s on
the APD, which includes an APD detector dark-count rate
of approximately 100 counts/s. We measure no pump leak-
age through the filters, as when the PPLN is bypassed only
APD dark counts are observed. Therefore, counts above
the APD dark-count rate are attributable to anti-Stokes
Raman photons produced by the pump within the filter-
ing wavelength range of 780 ± 5 nm. Importantly, there
are no detectable levels of 493 or 650 nm ion light mak-
ing it through the filters by observing count rates equal
to that of the APD dark counts when only the ion light is
present. Therefore, any subunitary second-order intensity-
correlation measurements detected between events on the
APD and the PMT can only be caused by correlations
between frequency-converted 780 nm photons (at the
APD) and unconverted 493 nm photons (at the PMT).

When both 493 nm photons from the ion and the 40 mW
pump light are present in the PPLN waveguide, the mea-
sured count rate of the 780 nm DFG light is approximately
600 counts/s, giving a SNR of approximately 2. A conver-
sion efficiency of approximately 2.3%, including all optical
and fiber-coupling losses, is determined by taking the ratio
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Siverns et al.,
Phys. Rev. Appl. 11, 014044 (2019) 


