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 16 

Abstract 17 

 18 

Trapped ions are promising candidates for nodes of a scalable quantum network due to their long-19 

lived qubit coherence times and high-fidelity single and two-qubit gates. Future quantum networks 20 

based on trapped ions will require a scalable way to route photons between different nodes. 21 

Photonic integrated circuits from fabrication foundries provide a compact solution to this problem. 22 

However, these circuits typically operate at telecommunication wavelengths which are 23 

incompatible with the strong dipole emissions of trapped ions. In this work, we demonstrate the 24 

routing of single photons from a trapped ion using a photonic integrated circuit. We employ 25 

quantum frequency conversion to match the emission of the ion to the operating wavelength of a 26 

foundry-fabricated silicon nitride photonic integrated circuit, achieving a total transmission of 27 

31.0±0.9% through the device. Using programmable phase shifters, we switch the single photons 28 

between the output channels of the circuit and also demonstrate a 50/50 beam splitting condition.  29 

These results constitute an important step towards programmable routing and entanglement 30 

distribution in large-scale quantum networks and distributed quantum computers.   31 

 32 

 33 

 34 

 35 

I. Introduction 36 

Trapped ions excel as a platform for quantum networking [1–6]. They exhibit long qubit coherence 37 

times [7], high-fidelity single- and two-qubit gates [8,9] as well as the ability to generate single 38 

photons entangled with their internal qubit states [3,4,10,11]. Moreover, they can be trapped in 39 

compact surface traps [12,13] with integrated waveguides and grating couplers to deliver the light 40 

required for cooling and coherent operations [14–16] and close-proximity detectors for state 41 

detection [17]. But integrating these discrete memories into a quantum network requires scalable 42 

methods to route single photons between different network nodes [1,18].  43 
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 44 

Integrated photonic devices offer a compact and scalable solution to realize quantum interconnects 45 

that can route photons between nodes of a trapped ion quantum network [19,20]. These devices 46 

can act as reconfigurable optical cross-connect switches that control the path of photonic qubits 47 

within the network in a programmable way [1,18]. However, the use of integrated photonics to 48 

route photons from trapped ions has remained a challenge because their emission typically lies in 49 

the ultra-violet and visible wavelength regimes [3,10,11,21,22]. This emission is incompatible 50 

with the majority of active photonic integrated circuit platforms, which are mainly designed to 51 

work at telecommunication wavelengths [23,24]. 52 

 53 

In this work, we demonstrate the routing of single photons from a trapped ion using a photonic 54 

integrated circuit designed to operate at the telecom C-band.  To convert the visible wavelength 55 

emission of the ion to the single-mode operating condition of the photonic integrated circuit, we 56 

employ a two-stage quantum frequency conversion process [25]. We actively route photons 57 

between different output ports of the circuit with a total transmission of 31.0±0.9% through the 58 

device. We also implement 50/50 beam splitting, an essential operation for entanglement 59 

distribution [1,3,18,26]. Our photonic integrated circuit is fabricated using a commercial foundry, 60 

which is compatible with large scaleup [27,28]. The primary purpose of our device is to distribute 61 

entanglement over a quantum network, as described by Monroe and Kim [1] via probabilistic 62 

photon emission with heralded detection. Our demonstration opens the possibilities for quantum 63 

networks where single photons distribute entanglement between trapped ion nodes in a 64 

programmable way over long distances with high yield routers.  65 

 66 

 67 
 68 
FIG. 1 Schematic and transmission properties of the Mach-Zehnder interferometer. (a) A schematic of the silicon 69 
nitride Mach-Zehnder interferometer along with an optical microscope image. Highlighted white, blue, and purple 70 
boxes are the two directional couplers and the internal and external phase shifters, respectively. (b) The transmission 71 
of the Mach-Zehnder interferometer measured at the two output ports as a function of current applied to the internal 72 
phase-shifter when laser light is coupled into the input port.  73 

 74 

II. Experimental Details and Methods  75 
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 76 

Figure 1(a)  shows the schematic of the photonic integrated circuit along with an optical 77 

microscope image of the device. The device consists of a Mach-Zehnder interferometer composed 78 

of two 50/50 directional couplers with a programmable internal phase shifter between them. The 79 

external phase shifter at port 1 can be used to adjust the phase difference between output ports, 80 

which is important to control two photon interference when distributing entanglement [29]. In our 81 

experiments, we set this phase shifter current to 0 mA. The device was fabricated using the 82 

standardized Si3N4 LioniX TriPleX process with optoelectronic packaging and fiber pigtail. The 83 

waveguides in the photonic circuit are double-striped silicon nitride waveguides, which exhibits 84 

low loss. A full description of the waveguide geometry and LioniX TriPleX fabrication process 85 

can be found in Ref. [24]. We control the thermo-optic phase shifters using current-driven 86 

chromium heaters on the top of the cladding layer above the waveguide. The interferometer has a 87 

scalable width of ∼250 𝜇𝑚 and length of  ∼5.5 mm. The device is housed on a chip of 8 mm by 88 

32 mm where it’s possible to add ∼ 60 more Mach-Zehnder interferometer units. 89 

 90 

A. Characterization of Mach-Zehnder Interferometer 91 
We first characterize the transmission behavior of the Mach-Zehnder interferometer with a 92 

continuous-wave laser operating at a wavelength of 1534 nm.  We couple light into the input port 93 

and measure the transmission at the output ports 1 and 2 as a function of the current applied to the 94 

internal phase shifter (Fig. 1(b)). The current on the internal phase shifter changes the refractive 95 

index of the material, creating a phase shift between the top and bottom waveguides. By sweeping 96 

the current supplied to the phase-shifter, we can continuously shift the output light from Port 1 to 97 

2, achieving a near-maximum transmission out of Port 2 at the device’s current limit of 16.6 mA 98 

specified by LioniX (Fig. 1(b)). Under this condition, the device draws ∼200 mW power with a 99 

bias voltage of 12 V. .We achieve a 50/50 splitting ratio with 11.05 mA applied to the internal 100 

phase shifter. We determine this current level by finding the point where the red and blue line 101 

intersect with each other in Fig. 1(b).  102 

 103 

At the current limit of 16.6 mA, we attain a phase shift (△ 𝜙) of 0.82 𝜋 by fitting the transmission 104 

of port 1 to 𝑐𝑜𝑠2(△ 𝜙) . Here,  the relationship between phase shift and current is given by the 105 

relationship △ 𝜙 =
2𝜋𝐿

𝜆
 
𝑑𝑛

𝑑𝑇

𝐼2𝑅ℎ𝜏

𝐻
+ 𝜙0[30,31]. Here △ 𝜙 is the phase shift and 𝐼 represents the 106 

current applied in the internal phase shifter. 𝜆 is the operating wavelength and 
𝑑𝑛

𝑑𝑇
 corresponds to 107 

the change of refractive index(n) with temperature (T). L, 𝑅ℎ, 𝜏 and 𝐻 represent  the length, 108 

resistance, time constant and heat capacity of the heater respectively. We define 𝜙0 as the constant 109 

phase shift between top and bottom waveguides. Higher currents could increase this phase shift 110 

but would also exceed the specified damage threshold of the device. This issue can be rectified by 111 

increasing the length of the internal phase shifter to achieve a larger phase shift and with the same 112 

current.  113 

 114 

We define the extinction ratio of each output port as the ratio between their maximum to minimum 115 

transmission. Using this definition, the extinction ratios are 10.2 dB and 7.6 dB for Port 1 and Port 116 

2 respectively.  These imperfect extinction ratios can be attributed to fabrication imperfections in 117 

the directional couplers which differ the process parameters like width, etch depth, gap, thin-film 118 

thickness, etc. from  their intended design value. These imperfections deviate the directional 119 

couplers from their ideal  50/50 ratio, hindering the ability to obtain perfect interference and a high 120 
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extinction ratio. These imperfections can be mitigated by replacing the directional couplers with 121 

active Mach-Zehnder interferometers where the splitting ratio can be actively tuned close to its 122 

ideal value [32]. Using this technique, proposed by David A. Miller [32], Wilkes et al. 123 

demonstrated a 60 dB extinction ratio for an on-chip Mach-Zehnder interferometer [33].  124 

 125 

The imbalance in extinction ratios can result from the imbalanced configuration of the Mach-126 

Zehnder interferometer. The heater at the bottom waveguide, which controls the phase shift, 127 

creates a loss difference between the top and bottom waveguide in the interferometer resulting in 128 

an imbalance in the extinction ratios. To overcome this imbalance, we could use a balanced 129 

configuration of the Mach-Zehnder interferometer by including heaters in both the top and bottom 130 

waveguides [34].  131 

 132 

The sum of the transmission from the two output ports is 31.0±0.9% for all heater currents.  The 133 

losses in the device arise from imperfect coupling from the fiber pigtail, waveguide losses, back-134 

reflection, and optical absorption by the metal contact. This transmission is consistent with the 135 

expected losses in the device including from the input/output facets (<2 dB/facet), the two heating 136 

elements (<0.5 dB each) and the intrinsic material loss (<0.1 dB/cm) specified by LioniX [24].  137 

 138 

 139 
FIG 2. The experimental layout and timing sequence. (a) Block diagram illustration of the experimental setup used 140 
to route single photons from a trapped barium ion using a silicon nitride photonic integrated circuit. Here PMT: 141 
photomultiplier tube , QFC:quantum frequency conversion, PC: polarization control, SP:single photons. Also shown 142 
is the basic energy level diagram for 138Ba+ depicting the 493 nm and 650 nm transitions and the emission of a single 143 
photon with a wavelength of 493 nm. Two-stage QFC includes both the quantum frequency conversion stages and 144 
subsequent filtering stage via a 20 GHz bandwidth tunable filter and 46.1 MHz bandwidth etalon.  (b)  The 145 
experimental timing sequence showing the wavelength and polarization of the various 493-nm and 650-nm beams that 146 
we use to cool, optically pump and extract single 493 nm photons from the trapped barium ion. In this figure, solid 147 
and transparent colors indicate that the lasers are on and off, respectively.  148 
 149 
B. Experimental Layout and Single Photon Production 150 
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Figure 2(a) shows a block diagram illustration of the experimental setup used to generate single 151 

photons from a trapped ion and couple the emission into the photonic integrated circuit. We first 152 

generate 493-nm visible single photons from a trapped barium ion (138Ba+).  The vacuum chamber 153 

housing the ion trap has both a front and back reentrant window, allowing for photon collection in 154 

two directions. Photons collected from the back window are sent to a photomultiplier tube to 155 

measure the temporal photon shape of 493-nm photons throughout the experiment.  Photons 156 

collected from the front window are sent through a polarizer and converted to 1534 nm using a 157 

two-stage quantum frequency conversion system as reported in Ref. [25]. This wavelength is 158 

compatible with the single-mode operation of our designed photonic integrated circuit.  We then 159 

couple converted single photons to the input port of the silicon nitride Mach-Zehnder 160 

interferometer. A free-space polarization controller prior to the photonic-integrated circuit’s input 161 

fiber-coupler aligns the polarization of the photon to the transverse electric-guided mode of the 162 

waveguide. We use two superconducting-nanowire single-photon detectors to detect photons at 163 

the output ports of the Mach-Zehnder interferometer. Because these detectors are polarization-164 

sensitive, we use additional polarization control stages after the output ports to maximize 165 

photodetection efficiency.  166 

 167 

To generate 493 nm single photons from a single barium ion (138Ba+) we use a scheme as described 168 

in prior work [22,25,35]. First we doppler cool the barium ion and then optically pump it into the 169 

∣ 5𝐷3/2, 𝐷𝐷=+3/2⟩  state using π and 𝐷− polarized 650 nm light and π polarized 493 nm light 170 

[6,22,25,35]. We then excite the ion using 𝐷+ polarized 650 nm light to the ∣6𝑃1/2, 𝑚𝑗=+1/2⟩ state 171 

which can spontaneously decay to the ∣6S1/2, 𝑚𝑗= ±1/2⟩ ground state, emitting a 493-nm single 172 

photon. This process is repeated at a rate of 780.64 kHz and the relative timings of this sequence 173 

is shown in Fig. 2 (b). In this figure, the solid color represents the corresponding laser being on, 174 

whereas the transparent color indicates the laser is off. In each cycle of photon production, we wait 175 

for 320 ns, directly after optical pumping, with all the lasers being off, to ensure that no stray light 176 

is detected during the photon extraction process. The dedicated Doppler cooling time of 80 ns 177 

prioritizes the photon production rate over achieving a low ion temperature. That is, the value 178 

chosen was the lowest possible time that did not produce a measurable degradation in the emitted 179 

photon’s coupling into the single mode fiber after the collection lens. 180 

 181 

 182 

C. Quantum Frequency Conversion 183 
 184 

We use a two-stage quantum frequency conversion scheme to generate telecom C-band photons 185 

from the ion. Quantum frequency conversion is the process where the quantum states of two light 186 

beams of different frequencies can be interchanged [36]. In quantum frequency conversion, the 187 

noise and other parasitic processes are reduced to an extremely low level such that the frequency 188 

conversion process preserves the quantum nature of the light [36].   We reported the details of the 189 

quantum frequency conversion system in previous work  [25]. In the first stage of quantum 190 

frequency conversion, we generate 780 nm single photons from 493 nm single photons utilizing a 191 

1343 nm pump laser with a conversion efficiency of 20% including filtering at ∼220 mW pump 192 

power [37,38]. Then, in a second stage of conversion, we convert 780 nm single photons to 1534 193 

nm single photons using a 1589 nm pump laser.  We achieve 25% conversion-efficiency in the 194 

second stage of quantum frequency conversion including all filtering at  ∼250 mW pump power. 195 

To filter anti-Stokes noise photons produced by spontaneous Raman scattering from the 1589 nm 196 
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pump laser, we use a 20 GHz bandwidth tunable filter with 80% transmission, and a 46.1 MHz 197 

bandwidth etalon with ∼60% transmission after the second stage.  In both frequency conversion 198 

processes, we use a difference frequency generation scheme using periodically poled lithium-199 

niobate waveguides [25,37]. We attain an overall conversion efficiency of 5% in the two-stage 200 

frequency conversion scheme.  201 

 202 

  203 

To stabilize the frequency of the C-band converted photon, we lock the two pump laser frequencies 204 

to ensure that the converted photons do not drift outside the bandwidth of the etalon.  We first lock 205 

a 1762 nm laser to an ultra-low expansion cavity via a Pound–Drever–Hall technique. This locked 206 

laser is then used as a reference laser with which we lock the conversion pump lasers. We lock the 207 

pump lasers relative to the 1762 nm laser using a Fabry-Perot scanning cavity [39] with a scan 208 

frequency of 170 Hz resulting in a drift lock of a few MHz.  209 

 210 

 211 

III. Results  212 

 213 

Figure 3 shows the time-resolved photon counts at the output ports, relative to a trigger pulse 214 

synchronized with the extraction laser pulse.  All data are background-subtracted to account for 215 

detector dark counts and Raman anti-Stokes noise photons created by the pump laser in the 216 

conversion process. The dark counts of detector 1 and 2 are ∼110 ± 20 counts/sec and ∼150± 20 217 

counts/sec, respectively. The pump used in the second-stage of quantum frequency conversion 218 

produces noise photons due to undesirable processes such as Raman scattering of the pump.  As a 219 

result, we detect ∼2350±50 counts/sec noise photons, measured at the output of the filters to the 220 

two-stage conversion and before the photonic integrated circuit using detector 1. This noise is 221 

dominated by Raman anti-Stokes noise photons present in the bandwidth of the filtering after two-222 

stage quantum frequency conversion. The proportion of the Raman anti-Stokes noise photons 223 

present in each detector channel can be found by considering the respective channel’s transmission 224 

from the Mach-Zehnder interferometer.  225 

 226 

Fig. 3(a) shows the time-resolved photon counts measured at Port 1 when the current of the internal 227 

phase shifter is set to 0 mA (red circles).  The two vertical green dashed lines denote the time 228 

window used to measure the photon arrival events. We determine this time window from the 229 

temporal shape of the 493 nm photons measured using the photomultiplier tube. We set the window 230 

width to be 32 ns, which captures 75% of the total 493-nm photon counts.  The red data points 231 

show C-band converted photon signal during the window, consistent with the time-resolved 493 232 

nm photon counts (gold squares).  Fig. 3(b) shows the same trace for C-band converted photons at 233 

Port 2 (blue squares). In this case, the histogram shows a large reduction in photon probability, 234 

indicating that nearly all single photons are routed to Port 1. Fig. 3(c)-(d) show the same 235 

measurements at an internal phase shifter current of 16.6 mA, which corresponds to the reverse 236 

condition. Here, the majority of photons exit at Port 2, and we observe only a weak signal at Port 237 

1. These measurements demonstrate the routing of single photons from a trapped ion to different 238 

output ports of the photonic integrated circuit. Fig. 3(e)-(f) show the time-resolved photon counts 239 

at output ports 1 and 2, respectively when we apply a current of 11.05 mA to the internal phase 240 

shifter, which corresponds to the 50/50 splitting condition. In this case, we measure the time-241 

resolved photon counts at both ports with similar amplitudes. The run time for data taken with the 242 
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photonic integrated device’s internal shifter set to 0 mA (Fig.3(a) and (b)) 16.6 mA (Fig.3(c) and 243 

(d))  and 11.05 mA (Fig.3(e) and (f))  were 10.34 hours, 9.56 hours, and 19.44 hours respectively. 244 

Using the peak counts/bin shown in Fig. 3 and the run times, we get a total count rate within the 245 

peak bin of 179 counts/hour, 145 counts/hour, and 153 counts/hour for three current conditions, 246 

with variations attributed to different alignment settings between days.  247 

 248 

 249 



250 
FIG. 3 The temporal photon shapes at the output ports of the Mach-Zehnder interferometer at different current levels 251 
of the internal phase shifter. (a) and (b) are the time-resolved photon counts at Port 1 (red circles) and Port 2 (blue 252 
squares) when the interferometer is set at the maximum transmission of Port 1 (0 mA current on the internal phase 253 
shifter). In these plots, the horizontal axis shows the time difference between the arrival of the photon and the trigger 254 
pulse. We also plot the scaled version of 493 nm time-resolved  photon counts (gold squares) as a reference. (c) and 255 
(d) are time-resolved photon counts measured at Port 1 and Port 2 when the internal phase shifter current is set to 256 
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have nearly maximum transmission at Port 2 (16.6 mA current on the internal phase shifter). (e) and (f) are time-257 
resolved photon counts measured at Port 1 and Port 2 for a 50/50 splitting condition of the Mach-Zehnder 258 
interferometer (11.05 mA current on the internal phase shifter). The green vertical lines in all plots indicate the 259 
window used to count photon arrival events and correspond to 75% of the total 493 nm time-resolved photon counts. 260 
The green shaded area represents the photon area measured at each output port. We use a 1.6 ns bin size and perform 261 
background subtraction to plot all the time-resolved photon counts. All errors correspond to shot noise-limited 262 
accuracy. The run time for the current condition of 0 mA ((a) and (b)), 16.6 mA ((c) and (d)), and 11.05 mA ((e) and 263 
(f)) were 10.34 hours, 9.56 hours, and 19.44 hours, respectively.  264 
 265 

 266 
Figure 4 shows the splitting ratios of Port 1 and Port 2 measured using the photon areas in Fig. 3 267 

(red circles and blue squares respectively), superimposed over the measured splitting ratio using a 268 

continuous wave laser (red and blue dotted lines). We calculate the splitting ratios by dividing the 269 

counts at each output port by the sum of the counts at both ports. These values are corrected for 270 

mismatch of the photodetection efficiencies between the detectors at Port 1 and Port 2. The ratio 271 

of detection efficiencies of the detector at Port 1 to that at Port 2 is 1.13± 0.07 with fiber coupling 272 

and polarization control losses taken into account. The error bars correspond to the shot noise-273 

limited accuracy based on the photon counts in each measurement. The splitting ratios calculated 274 

from the photon shapes show good agreement with the transmission ratios measured with classical 275 

laser light, within experimental uncertainties. These measurements confirm that we are able to 276 

route single photons from the ion using the photonic integrated circuit in a programmable manner. 277 
 278 

FIG. 4 The splitting ratio of the output ports of the Mach-Zehnder interferometer as a function of current applied 279 
to the internal phase shifter. The data points represent the splitting ratio calculated from the background-corrected 280 
time-resolved photon counts in Fig.3. The error bars are calculated from the shot noise of the photon counts. The 281 
dotted red and blue lines show the splitting ratio of Port 1 and 2 measured using classical laser light calculated using 282 
the data in Fig 1(b). 283 
 284 

IV. Discussion 285 

 286 



In summary, we have demonstrated programmable switching of single photons emitted from a 287 

trapped ion between different channels on a photonic integrated chip. Our current proof-of-concept 288 

demonstration can be extended in future devices in a straightforward way to include large numbers 289 

of Mach-Zehnder interferometers to achieve N×N cross-connects or other arbitrary unitary matrix 290 

transformations [29,40]. In addition to routing, photonic integrated circuits can take on other 291 

functionalities such as filtering [41], wavelength division multiplexing [42], and frequency 292 

conversion [43]. An ultra-low power high-speed switching of photons could be achieved in devices 293 

that use the plasma dispersion effect in silicon modulators [44] at the expense of router 294 

transmission efficiency. They can also implement fundamental quantum operations such as 295 

photonic Bell-state analysis [1,3,18,26], which is necessary to entangle quantum nodes over long 296 

distances. These capabilities could ultimately be used to realize scalable and programmable 297 

quantum networks using trapped ion quantum technology.  298 
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