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SUMMARY: 24 
We describe an optical system for the generation of unconditional polarization-entangled 25 
photons based on multiple quantum interference effects with a detection scheme to estimate 26 
the experimental fidelity of generated entangled photons. 27 
 28 
ABSTRACT: 29 
We present a high-performance source of unconditional polarization-entangled photons that 30 
have a high-emission rate with large broadband distribution and are degenerated and 31 
postselection free. The property of the source is based on the multiple quantum interference 32 
effect with a round-trip configuration of a Sagnac interferometer. The quantum interference 33 
effects make it possible to use the high generation efficiency of the polarization-entangled 34 
photons to process parametric down-conversion, and separate degenerated photon pairs into 35 
different optical modes without a postselection requirement. The principle of the optical system 36 
was described and experimentally used to measure the fidelity and Bell parameters, and also to 37 
characterize the generated polarization-entangled photons from a minimum of six combinations 38 
of polarization correlated data. The experimentally obtained fidelity and Bell parameters 39 
exceeded the classical local correlation limit and are clear evidence of the generation of 40 
unconditional polarization-entangled photons. 41 
 42 
INTRODUCTION: 43 
The entangled state of photons has attracted considerable interest in the study of local realism 44 
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in quantum theory and novel applications of quantum cryptography1, quantum dense coding2, 45 
quantum repeater3, and quantum teleportation4. Spontaneous parametric down-conversion 46 
(SPDC) is a second-order nonlinear process that has been introduced to directly produce 47 
entangled photon pairs in the polarization states. Owing to the recent development in quasi-48 
phase-matching techniques, the periodically poled KTiOPO4 (ppKTP) and LiNbO3 (ppLN) have 49 
become a standard technique5. Several types of entanglement sources are developed by 50 
combining these nonlinear crystals with a Sagnac interferometer6,7,8. In particular, the scheme 51 
with orthogonally polarized photon pairs obtained by type-II SPDC makes it possible to generate 52 
unconditional polarization-entangled photons and also separate degenerated polarization-53 
entangled photon pairs into different optical modes without postselective detection7. 54 
 55 
In contrast, type-0 SPDC has the advantage of a simple setup and a high-emission ratio of 56 
photon pairs9. Moreover, the generated photon pairs in type-0 SPDC show a much broader 57 
bandwidth than the photons of type-II SPDC. The total photon-pair production rate per unit 58 
pump power is two orders of magnitude higher due to its large bandwidth8. A large bandwidth 59 
of correlated photon pairs allows a very short coincidence time between the detected photon 60 
pairs. This property has led to several potential applications such as quantum optical coherence 61 
tomography10, for achieving ultrashort temporal correlations through nonlinear interactions 62 
with the flux of entangled photons11, metrology methods using the very narrow dip in quantum 63 
interference12, quantum clock synchronization13, time-frequency entanglement 64 
measurement14, and multimode frequency entanglement15. However, the scheme with 65 
ordinary type-0 SPDC requires conditional detection schemes6 or wavelength filtering8 or 66 
spatial-mode filtering to separate the generated polarization-entangled photons16.  67 
 68 
We realized a scheme that satisfies the properties of both type-0 and type-II SPDC 69 
simultaneously based on multiple quantum interference processes17. The details of the optical 70 
system were described and experimentally used to measure the parameters that characterize 71 
the generated polarization-entangled photons using a minimum number of experimental data. 72 
 73 
The Jones Vector of horizontal (H) and vertical (V) polarization state can be written as |𝐻⟩ ≡74 

(
0
1
) and  |𝑉⟩ ≡ (

1
0
). All possible pure polarization states are constructed from coherent 75 

superpositions of these two polarization states. For example, the diagonal(D), anti-diagonal(A), 76 
right-circular(R), and left-circular(L) light, respectively, are represented by: 77 
 78 

|𝐷⟩ ≡
 |𝐻⟩+|𝑉⟩

√2
, 79 

|𝐴⟩ ≡
 |𝐻⟩−|𝑉⟩

√2
,    (1) 80 

|𝑅⟩ ≡
 |𝐻⟩+𝑖|𝑉⟩

√2
,  and  81 

|𝐿⟩ ≡
 |𝐻⟩−𝑖|𝑉⟩

√2
,  82 

 83 
H and V are called the rectilinear polarization bases. D and A are called the diagonal 84 
polarization bases. R and L are called the circular polarization bases. These pure and also mixed 85 



   

states of the polarization can be represented by density matrixes based on the H- and V-86 
polarization bases18.  87 
 88 
The operating principle of the scheme is shown in Figure 1a-e. The laser is injected into a 89 
polarization Sagnac interferometer comprised of a polarizing beam splitter (PBS), two half-wave 90 
plates set to 45o (HWP1) and 22.5o (HWP2), a ppKTP crystal, and mirrors. The polarization optics 91 
with this setup work for both the wavelength of the pump laser field and down-converted 92 
photons. 93 
 94 
The H-component of the pump laser passes through the PBS as shown in Figure 1a and round 95 
trips the setup in a clockwise (CW) direction. The polarization of the pump laser was inverted to 96 
the diagonal (D) state through HWP2. Here the V-component of the pump laser works for 97 
down-conversion, and the generated photons are V-polarized with type-0 SPDC. The SPDC 98 
polarization state of generated photon pairs can be represented as: 99 
 100 

|𝜓a⟩ = |𝑉𝑉⟩.        (2) 101 
 102 
The down-converted photon pairs are H-polarized through the HWP1 set to 45o as shown in 103 
Figure 1b, and the polarization state becomes:  104 
 105 

|𝜓b⟩ = |𝐻𝐻⟩.        (3) 106 
 107 
The pump laser beam again injected the inverted photon pairs into the ppKTP. The generated 108 
photon pairs from the second SPDC are both V-polarized and superposed with the photon pairs 109 
generated by the first SPDC for a collinear optical mode as shown Figure 1c. The polarization 110 
state of the photon pairs after the second SPDC is represented as: 111 
 112 

|𝜓c⟩ ∝ |𝐻𝐻⟩ + 𝑒
𝑖𝜙|𝑉𝑉⟩,      (4) 113 

 114 
where 𝜙, is the relative phase between the photon pair from the first and second SPDC. The 115 
phase does not vary with time because it is determined by the HWP1's material dispersion 116 
between the pump laser and the down-converted photons, and adjustable by tilting HWP1. The 117 
H (V)-polarization state of the down-converted photons was inverted to A (D) state as shown in 118 
(1). The polarization state of the output photon pair from HWP2 is represented as: 119 
 120 

|𝜓d⟩ ∝ sin
𝜙

2
|𝐻𝑉⟩ +

𝑖

√2
cos

𝜙

2
(|𝐻𝐻⟩ + |𝑉𝑉⟩)

𝜙=𝜋
→    |𝐻𝑉⟩.  (5) 121 

 122 
When the phase 𝜙 = π is set by tilting HWP1, only the first term of the state (5) remains as 123 
shown in Figure 1d. This is the quantum interference process that corresponds to the reverse 124 
Hong-Ou-Mandel (HOM) interference process of the polarization bases19. When the H-photon 125 
passes through PBS and the V-photon is reflected by PBS, the polarization state of the output 126 
photon pairs from PBS is represented as |𝐻⟩1|𝑉⟩2 for optical mode1 and 2 as shown in Figure 127 
1e. 128 



   

  129 
Conversely, the V-component of the pump laser was reflected by PBS as shown in Figure 1f and 130 
round tripped in a counter-clockwise (CCW) direction. Through similar multiple type-0 SPDC 131 
processes and unitary transformations, the polarization state of the output from PBS becomes 132 
|𝑉⟩1|𝐻⟩2. When the polarization state of the pump laser was prepared in diagonal (D) state, the 133 
relative phase between H- and V-components of the pump laser was zero. Therefore, the 134 
output state of generated photons from CW and CCW directions are superposed with the same 135 
amplitudes and represented as: 136 
 137 

|𝜓OUT⟩ ∝ |𝐻⟩1|𝑉⟩2 + |𝑉⟩1|𝐻⟩2.     (6) 138 
 139 
The output state is a polarization-entangled state known as one of the Bell states and can be 140 
converted to other three states using the polarization optics elements7. Using the relation 141 
shown in (1), the output state |𝜓OUT⟩ can be represented by diagonal polarization bases as: 142 
 |𝐷⟩1|𝐷⟩2 − |𝐴⟩1|𝐴⟩2 and by circular polarization bases as: |𝑅⟩1|𝑅⟩2 − |𝐿⟩1|𝐿⟩2. 143 
 144 
PROTOCOL 145 
 146 
The adopted procedure comprises four main stages using the overall experimental setup shown 147 
in Figure 2. The first stage was the preparation of the pump laser for SPDC. In the second stage, 148 

the optical interferometerSagnac interferometer was constructed using a nonlinear crystal 149 
and optical polarization components. The coincidence measurement procedure using the 150 
electrical components shown in Figure 3 was described in the third stage. Finally, the actual 151 
photon correlation data shown in Figure 4 was used to estimate the fidelity and Bell 152 
parameters of the generated unconditional polarization-entangled photons. 153 
 154 
1. Configuration of the pump laser 155 
 156 
1.1) Switch on the 405 nm grating-stabilized single-frequency laser diode. Adjust the output 157 
power to a few mW by reducing the input electrical current to the laser diode and by neutral 158 
density filters. 159 
 160 
1.2) Construct an external cavity between the surface of the laser diode and the holographic 161 
grating (3,600 mm−1) to realize a single-frequency operation referred to as a spectrometer. 162 
Place the holographic grating about 45o against the laser diode surface and slowly move the 163 
screw to adjust the degree, and maximize the output power from the cavity by referring to the 164 
image of the beam.  165 
 166 
1.3) Couple a laser to the polarization-maintaining optical fiber (PMF) to run a single spatial-167 
mode operation. Adjust the fiber coupler screws to maximize the output power from PMF using 168 
a power meter. 169 
 170 
1.4) Collimate the output laser from the PMF with a fiber coupler lens. Channel the output laser 171 
through an isolator into the center of half-wave plate (HWP), a quarter-wave plate (QWP), and 172 



   

a short-pass dichroic mirror (DM) as shown in Figure 2. For the purpose of generating the 173 
polarization-entangled photons with the state as in (6), set the polarization state of the pump 174 
laser with diagonal (D) by setting the HWP to 22.5o, and QWP to 0o. 175 
 176 
2. Construction of the interferometric setup 177 
 178 
2.1) Place a dichroic mirror (DM), a regular mirror, a PBS, and a ppKTP crystal with dimensions: 179 
10 mm long (crystallographic x-axis), 10 mm wide (y-axis), and 1 mm thick (z-axis) as shown in 180 
Figure 2. The PBS operates at both the wavelength of the laser (405 nm) and that of the down-181 
converted photons (810 nm). The poling period of the ppKTP crystal is 3.425 μm which is 182 
designed for the collinear type-0 SPDC with 405 nm laser pump and has an anti-reflection 183 
coating at both wavelengths. 184 
 185 
2.2) Adjust the PBS and mirrors using the pump laser (405 nm) and a reference laser (810 nm). 186 
Since the length from the input to output of the interferometer is about 600 mm, make the 187 
transmitted and reflected light from PBS parallel for more than 600 mm (desirable for a few 188 
meters) to make spatial mode matchings.  189 
 190 
2.3) Place HWP1 and HWP2 into the setup. They operate at both 405 nm and 810 nm 191 
wavelengths. Adjust the HWPs to be perpendicular to the incident light using the reflected light 192 
from the surface. Set the angle of HWP1 to 45o and HWP2 to 22.5o 193 
 194 
2.4) Place a retroreflector into the setup. Adjust the position of the retroreflector such that the 195 
clockwise (CW) and counter-clockwise (CCW) reference beams are on the same spatial mode. 196 
Place charge-coupled device (CCD) cameras on mode 1 and 2 in Figure 2 to refer the beam 197 
profiling images from the output of the interferometer. Adjust the mirror and retroreflector to 198 
make the spatial mode matching by referring the profiling images on the camera. 199 
 200 
2.5) Place a focus lens between QWP for laser and DM. Since the length from the input to 201 
output of the interferometer is about 600 mm, select a lens with a focus length of 300 mm.  202 
Empirically set the focal point of the input laser pump to not be on the exact middle point of 203 
the interferometer but to be around the generation position of the second SPDC to make same-204 
level generation efficiency of down-converted photons between first and second SPDC.  205 
 206 
2.6) Remove the CCD camera and place QWPs, polarizers (POLs), interference filters (IFs) with 207 
an 810 nm center and 3 nm bandwidth in the mode 1 and 2 as shown in Figure 2. Adjust the 208 
optical elements to be perpendicular to the incident light using the reflected light. Couple the 209 
reference laser beams to the multimode fibers using fiber couplers for detection. 210 
 211 
2.7) Place a 300 mm focus lens between DM and QWP in mode 1 and mode 2. Make the output 212 
reference laser beams to collimate for detection.  213 
 214 



   

2.8) Connect the multimode fibers to the single-photon counting modules (SPCMs) constructed 215 
from Silicon (Si) avalanche photodiodes. Switch off the reference laser. Switch on the SPCMs in 216 
a darkroom condition, and count the down-converted photons.  217 
 218 
2.9) Adjust the temperature of ppKTP crystal mounted on a temperature controller by 219 
referencing the count rates of down-converted photons. The appropriate temperature is 220 
typically 25-30 °C.  221 
 222 
2.10) Adjust the tilting angle of HWP1 to maximize the count rates of down-converted photons. 223 
If the count rates are too weak, measure the counts without the optical elements in mode 1 224 
and 2. 225 
 226 
3. Measurement procedure of the coincidence count 227 
 228 
3.1) Select the polarization bases in mode 1 and 2 to measure the incident polarization-229 
entangled photons using POLs and QWPs as shown in Figure 3. For the measurement of the 230 
incident photon with H (V) base, set the QWP to 0o and the POL to 0o (90o). For the 231 
measurement of the incident photon with D (A) base, set the QWP to 0o and the POL to 45o (-232 
45o). For the measurement of the incident photon with R (L) base, set the QWP to 45o (-45o) 233 
and the POL to 0o. 234 
 235 
3.2) Connect the transistor-transistor logic (TTL) signal generated from the SPCM in mode 2 to 236 
the start signal input of a time-to-amplitude converter (TAC), and the signal in mode 1 to the 237 
stop signal input after it has passed through the electrical delay line (Delay). TAC generates 238 
electrical signals from 0 to 10 V corresponding to the time delay between two signals.  239 
 240 
3.2.1) In this experiment, set the time delay ∆𝑇 as 50 ns by selecting the delay line pins. Set the 241 
display of PC to show 100 ns time range by setting the dial of TAC. Then TAC generates 5 V 242 
signals as 50 ns delay time given by the electrical delay line. Therefore the 5 V signals 243 
correspond to the coincidences at 0 ns delay time of actual pulses coming from SPCMs.  The 244 
coincidences at 0 ns delay time appear in the center of the display time range as shown in 245 
Figure 3.   246 
 247 
3.3) Click the start button of the software, called MAESTRO-32, to measure the pulse height 248 
distribution and record the distribution with a computer controlled (PC) multi-channel analyzer 249 
(MCA). In this experiment, set the measurement time of TAC for 30 s. Analyze the height 250 
distribution of the TAC pulses from 0 to 10 V which corresponded to a -50 to 50 ns delay time 251 
between the incident photons and the SPCMs by the setting described in step 3.2.  252 
 253 
3.4) After recording the pulse height distribution, obtain the pulse height distribution data for 254 
several polarization bases as shown in Figure 4. Select the time window to be considered for 255 
coincidence counts for the analyzation of the data. Since the width of the pulse peak is 256 

determined by the SPCM’s resolution time of1 ns, the coincidence time window is necessary 257 
to be larger than the resolution time.  258 



   

 259 
3.4.1.) In this experiment, choose the coincidence time window to be 10 ns. Estimate the 260 
coincidence counts by integrating the area of the time window. 261 
 262 
4. Estimation procedure of the Fidelity and Bell parameters 263 
 264 

4.1) Determine the polarized second-order correlations 𝑔𝑥𝑥
(2)(0)  and cross-polarized second-265 

order correlations 𝑔𝑥𝑥̅
(2)(0), where 𝑥 refers to the polarization states H, D, and R, and 𝑥̅ refers to 266 

the cross-polarization states V, A, and L. Obtain these functions by dividing the measured 267 
coincidence counts 𝑅CC by the background level 𝑅back. Figure 4 shows the actually measured 268 
pulse height distribution of coincidence counts with several polarization bases for 30s.  269 
 270 
NOTE: For example, the coincidence counts the with polarization base HH gives 𝑅CC = 13.0 ±271 
3.6 count/30 s for coincidence window 10 ns. The average back ground level for the coincidence 272 
window is calculated as 4.3 count/30 s. Since second-order correlations are given by 𝑅CC 𝑅back⁄ , 273 

the polarized second-order correlation functions with polarization base HH becomes 𝑔𝐻𝐻
(2)(0) =274 

3.1 ± 0.8. Similarly second-order correlation functions with other polarization bases are given 275 

as:   𝑔𝐷𝐷
(2)(0) = 95.3 ± 4.0 , and 𝑔𝑅𝑅

(2)(0) = 89.8 ± 3.7  and cross-polarized second-order 276 

correlation functions as:   𝑔𝐻𝑉
(2)(0) = 102.9 ± 4.4, 𝑔𝐷𝐴

(2)(0) = 11.4 ± 1.3  and 𝑔𝑅𝐿
(2)(0) = 16.4 ±277 

1.5. 278 
 279 
4.2) Determine the degree of polarization correlation between two photons for three 280 
polarization bases defined by20, 21: 281 
 282 

𝐶X =
𝑔𝑥𝑥
(2)(0)−𝑔𝑥𝑥̅

(2)(0)

𝑔𝑥𝑥
(2)(0)+𝑔𝑥𝑥̅

(2)(0)
,       (7) 283 

where 𝑋 refers to the polarization bases of the rectilinear (H and V), diagonal (D and A), and 284 
circular (R and L) bases. The measured second-order correlation functions give the degree of each 285 
polarization bases as follows: 𝐶rectilinear = −0.94 ± 0.02, 𝐶diagonal = 0.79 ± 0.02 , and 𝐶circular =286 
0.69 ± 0.03. 287 
 288 
4.3) Determine the fidelity of generated entangled photons. Calculate the fidelity of the 289 
polarization-entangled state with respect to the state (6) in three bases20, 21: 290 

𝑓 =
1−𝐶rectilinear+𝐶diagonal+𝐶circular

4
.     (8) 291 

The measured degrees of polarization correlation was 𝑓 = 0.85 ± 0.01. The number exceeded 292 
the classical polarization correlation limit of 0.50. 293 
 294 
4.4) Determine the Bell parameters of the generated entangled photons21. Calculate the 295 
parameters from the polarization correlations as follows 19, 20: 296 

𝑆RC = √2(1−𝐶rectilinear +𝐶circular)  297 

𝑆DC = √2(1+ 𝐶diagonal   + 𝐶circular)    (9) 298 



   

𝑆RD = √2(1−𝐶rectilinear +𝐶diagonal)   299 

The measured bases of polarization correlation were  𝑆RC = 2.31 ± 0.04, 𝑆DC = 2.09 ±300 
0.05, 𝑆RD = 2.44 ± 0.04. These numbers exceed the classical parameter limit of 2 and violate 301 
the Bell inequality. 302 
 303 
REPRESENTATIVE RESULTS:  304 
The optical system to generate unconditional entangled photons for polarization states based 305 
on multiple quantum interferences and detection schemes to estimate the experimental fidelity 306 
by polarization correlation of generated photon pairs was discussed. The estimated fidelity of 307 
the generated photons exceeded the classical local correlation limit of 0.50. The measured Bell 308 
parameters exceeded the classical parameter limit of 2 and violated the Bell inequality. In this 309 
paper, coincidence measurements obtained from a minimum of six combinations of 310 
polarization bases were used to evaluate these parameters. Furthermore, it is possible to 311 
completely reconstruct the density matrix of the generated polarization-entangled photons via 312 
quantum state tomography, which requires coincidence measurements of 16 combinations of 313 
polarization bases18. 314 
 315 
Figure 1: Schematic of an integrated double-pass polarization Sagnac interferometer. (a) The 316 
generation of photon pairs after the first spontaneous parametric down-conversion (SPDC). (b) 317 
Polarization rotation of the photon pairs by a half-wave plate (HWP1). (c) The generation of 318 
photon pairs after the second SPDC. (d) The quantum interference between photon pairs of the 319 
first and second SPDC by HWP2. (e) Output photon pairs produced in the clockwise (CW) 320 
direction. (f) Output photon pairs produced in the counter-clockwise (CCW) direction. 321 
 322 
Figure 2: Overall optical system for generating unconditional polarization-entangled photons. 323 
The first half-wave plate (HWP) and a quarter-wave plate (QWP) are used to set the 324 
polarization state of the pump laser passing through polarization-maintaining optical fiber 325 
(PMF). The output photons were passed through lenses, QWPs, polarizers (POLs), and 326 
interference filters (IFs) in modes 1 and 2, and detected by the single-photon counting modules 327 
(SPCM).  328 
 329 
Figure 3: Overall coincidence detection system for the generated polarization-entangled 330 
photons. The electrical signals from the SPCM were used to start and stop the signal of the 331 
time-to-amplitude converter (TAC) through an electrical delay line (Delay). The pulse height 332 
distribution obtained from time difference was analyzed with a computer controlled (PC) multi-333 
channel analyzer (MCA). 334 
 335 
Figure 4: Measured time difference distributions with parallel and orthogonal polarizer 336 
settings. The combinations are horizontal (H), vertical (V), diagonal (D), anti-diagonal (A), right-337 
circular (R), and left-circular (L) polarization bases. 338 
 339 
DISCUSSION: 340 
The critical step within the protocol is how to maximize the fidelity of the generated 341 
polarization entangled photons. The estimated fidelity and Bell parameters are currently 342 



   

limited, mainly because we used multimode fibers to collect the generated entangled photons. 343 
The tilting of HWP1 affected the height difference of the spatial modes between the photons of 344 
the first and second SPDC and caused a spatial-mode mismatch on the output of the Sagnac 345 
interferometer. The fidelity is expected to be higher when using single-mode fibers that filter 346 
out the spatial-mode-overlapping area of the generated first and second SPDC photons. 347 
Moreover, the birefringence effect of the ppKTP crystal affected the mode mismatch between 348 
the first and second SPDC photons. In future, we can possibly improve the parameters by using 349 
additional compensation crystals. 350 
 351 
The significance of the protocol is to realize several properties simultaneously with respect to 352 
existing method. The source of the polarization entangled photons with the protocol have a high-353 
emission rate, are degenerate, have a broadband distribution, and are post-selection free. The 354 
characteristic advantage of the protocol is based on the multiple quantum interference using a 355 
double-pass polarization Sagnac interferometer. The photonic system makes it possible to use 356 
the large generation efficiency of polarization entangled photons and to separate degenerate 357 
photon pairs into different optical modes with no requirement of postselection. The system of 358 
high-performance polarization entangled photons can be applied for novel photonic quantum 359 
information technologies1-4. 360 
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Name of Material/Equipment Company Catalog Number Comments/Description

300mm fous lens Thorlabs. INC. AC254-300-B

405nm LD Digi-Key Electronics NV4V31SF-A-ND

Delay line Ortec INC. DB463

Dichroic mirror (DM) Midwest Optical Systems INC. SP650-25.4

Half-wave plate (HWP) for 405nm Thorlabs. INC. WPH05M-405

Half-wave plate (HWP) for dual wavelengths Meadowlark Co. DHHM-100-0405/0810　

Interference filter (IF) IDEX Health & Science, LLC LL01-808-12.5

Multi-channel analyzer (MCA) Ortec INC. EASY-MCA-2K MAESTRO-32 software

Polarization-maintaining fiber Thorlabs. INC. P1-405BPM-FC-1

Polarizer (POL) Meadowlark Co. G335743000

ppKTP crystal RAICOL CRYSTAL LTD. Type-0, 3.425 microns period

Quarter-wave plate (QWP) for 808nm Thorlabs. INC. WPQ05M-808

Quarter-wave plate (QWP) for 405nm Thorlabs. INC. WPQ05M-405

Retroreflector Newport Co. U-BER 1-1S

Single photon counting Module (SPCM) Laser Cpmponents LTD. Count -100C-FC FC connecting

Time-to-amplitude converter (TAC) Ortec INC. 567
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ltem 1: The Author elects to have the Materials be made available (as described at

http監:av,ed'CAOc:e/spsub'ish'via:　　口｡pen Access

Item 2: Pl9aSe Se一ect one of the following items:

Author is NOTa United States government employee.

□Th｡ Auth., is a United State, g.ve,nment employee and the Mate.ials we,e p,epa,｡d in the

course of his or her duties as a United States government employee.

□The Auth｡, is a United State, g｡ve,nment empl.ye｡ but the Mate,ials we,｡ NOT p,｡pa,ed in the

course of his or her duties as a United States government emp一oyee.

ARTICLE AND VJDEO LICENSE AGREEMENT

1.　　　Defined Terms. As used in this Article and Video

License Agreement, the following terms shall have the

foHowing meanings: "Agreement" means this Article and

Video License Agreement; ''Artide" means the article

specified on the last page of this Agreement, including any

associated materials such as texts, figures, tables, artwork,

abstracts, or summaries contained therein; ''Author"

means the author who is a sLgnatOry tO this Agreement;
"CoMeCtive Work" means a work, such as a periodical issue,

anthology or encyclopedia, in which the Materia一s in their

entirety in unmodified form′ along with a number of other

contributions, Constituting separate and independent

works in themselves, are assembled into a co=ective whole;
"CRC License" means the Creative Commons Attribution-

Non Commercial-No Derivs 3.0 Unported Agreement, the

terms and conditions of which can be found at:

http ://creativecommons.ore/licenses/by-nc-

nd/3.0/legalcode; "Derivative Work" means a work based

upon the Materials or upon the Materials and other pre-

existing works, such as a translation, musical arrangement,

dramatization′　fictionalization, motion picture version,

sound recording,　art reproduction,　abridgment′

condensation, Oranyotherform inwhichthe Materials may

be recast′ transformed, or adapted; "InstitLJtion′′ means

the institution, listed on the last page of this Agreement. by

which the Authorwas employed at the time of the creation

of the Materials; `リoVE" means MyJove Corporation, a

Massachusetts corporation and the publisher of The Journal

of Visualized Experiments; ''Materials''means the Article

and / Or the Video; "parties" means the Author and JoVE;
'Video" means any video(i) made by the Author, alone or

in conjunction with any other parties, Or by Jove or its

affiliates or agents, individuaHy or in coHaboration with the

Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not

aPPear･

2.　　Background. The Author, who is the author of the

Article, in orderto ensure the dissemination and protection

of the Article, desires to have the Jove publish the Article

and create and transmit videos based on the Article. ln

furtherance of such goals, the Parties desire to memorialize

in this Agreementthe respective rights of each Party in and

to the Article and the Video.

3.　　Grant of Rights in Article. ln consideration of JoVE

agreeing to publish the Article, the Author hereby grants to

JoVE, subject to Sections 4 and 7 below, the exclusive,

royalty-free, perpetual (for the full term of copyright in the

ArtICle, including any extensions theretoHicense (al to

publish, reproduce, distribute, display and store the Article

in all forms, formats and media whether now known or

hereafter deve一oped (including without limitation in print,

digita一 and electronic form) throughout the world, (b) to

translate the Article into other languages, create

adaptations, summaries or extracts of the Article or other

Derivative Works (including, without limitation, the Video)

orCollectiveWorks based on a‖ orany portion oftheArticle

and exercise aH of the rights set forth in (a) above in such

translations, adaptations, summaries, extracts, Derivative

Works or CoHective Works and(C) to license others to do any

oraH of the above. The foregoing rights may be exercised in

all media and formats, Whether now known or hereafter

devised, and include the right to make such modifications

as are technically necessary to exercise the rights in other

media and formats. lf the "Open Access" box has been

checked in ltem 1 above, JoVE and the Author herebygrant

to the public aH such rights in the Article as provided in, but

subject to a" limitations and requirements set forth in, the

CRC License.
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4.　　Retention of Rights in Article. Notwithstanding

the exclusive license granted to JoVE in Section 3 above, the

Author sham, with respect to the Article, retain the non-

exclusive rlghtto use all or part of the Article for the non-

commerciaF purpose of giving lectures, presentations or

teaching classes, and to post a copy of the Article on the

lnstitution's website or the Author's personal website, ln

each case provided that a link to the Article on the JoVE

website is provided and notice ofJoVE's copyright in the

Article is included. AH non-Copyright inteHectual property

rights in and to the Article, such as patent rights, shall

remain with the Author.

5.　　Grant of Rights in Video - Standard Access. This

Section 5 applies if the ''standard Access" box has been

Checked in ltem 1 above or if no box has been checked in

Item 1 above. ln consideration of JoVE agreeing to produce,

display or otherwise assist with the Video, the Author

hereby acknow一edges and agrees that, Subject to Section 7

below, JoVE is and shall be the so一e and exc山sive owner of

aH rights of any nature, including, without limitation, a"

Copyrights, in and to the Video. To the extent that, by law,

the Author is deemed, now or at anytime in the future, to

have any rights of any nature ln Or tO the Video, the Author

hereby disclaims aH such rights and transfers all such rights

to JoVE.

6.　　Grant of Rights in Vide〇一Open Access. This

Section 6 app一ies only if the "Open Access" box has been

checked in Item 1 above. ln consideration of JoVE agreeing

to produce, display or otherwise assist with the Video, the

Author hereby grants to JoVE, subject to Section 7 below,

the exclusive, royalty-free, perpetuaHfor the fuH term of

copyright in the Article, including any extensions thereto)

license (a) to publish, reproduce, distribute, display and

store the Video in all forms, formats and media whether

now known or hereafter developed (including without

limitation in print. digital and electronic form) throughout

the wor一d, (b) to trans一ate the Video into other languages,

create adaptations′ summaries or extracts of the Video or

other Derivative Works or CoHective Works based on aH or

any portion of the Video and exercise aH of the rights set

forth in (a) above in such translations, adaptations,

summaries, extracts, Derivative Works or Co‖ective Works

and (C) to ‖cense others to do any or all of the above, The

foregoing rights may be exercised in all media and formats,

whether now known or hereafter devised, and include the

right to make such modifications as are technically

necessary to exercise the rights in other media and formats.

ForanyVideoto which thisSection 6 is applicable, JoVE and

the Author herebygrant to the public all such rights in the

Video as provided in, but subject to all limitations and

requirements set forth in′ the CRC License.

7.　　Government Employees. lf the Author is a United

States government employee and the Article was prepared

in the course of his or her duties as a United States

government employee, as indicated in ltern 2 above, and

any of the Licenses or grants granted by the Author

hereunder exceed the scope of the 17 U.S.C. 403, then the

rights granted hereunder shaH be limited to the maximum

rights permitted under such statute. ln such case, aH

provisions contained hereln that are not in conflict with

such statute shaH remain in full force and effect, and aJI

provisions contained herein that do so Conflict shaJl be

deemed to be amended so as to provide to JoVE the

maximum rights permissible within such statute･

8.　　Protection of the Work. The Author(S) authonze

JoVEto take steps in theAuthor(～) name and on their behalf

if JoVE believes some third party could be infringing or

might Infringe the copyright of either the Author′s Article

and/or Video.

9.　　ukeness, Privacy, Personality. The Author hereby

grants Jove the right to use the Author's name, voice,

likeness′　picture, photograph, image, biography and

performance in any way, commercial or otherwise, rn

connection with the Materials and the sale, promotion and

distribution thereof. The Author hereby waives any and aH

rights he or she may have, relating to his or her appearance

in the Video or otherwise relating to the Materials, under

all applicable privacy, likeness, personality or similar laws,

10.　　Author Warranties, The Author represents and

warrants that the Article is orlglnal, that it has not been

published, that the copyright interest is owned by the

Author(or, ifmorethan one authoris listed atthe beginning

ofthisAgreement, bv such authors co=ectively) and has not

been assigned, licensed, Or otherwise transferred to any

other party. The Author represents and warrants that the

author(S川sted at the top of this Agreement are the on一y

authors of the Materials. lf more than one author is listed

at the top of this Agreement and if any such author has not

entered into a separate Article and Video License

Agreement with JoVE relating to the Materials, the Author

represents and warrants that the Author has been

authorized byeach of the othersuch authorsto execute this

Agreementon hisorher behalf and to bind him orherwith

respect to the terms of this Agreement as if each of them

had been a party hereto asan Author. The Author warrants

that the use, reproduction, distribution, public or prlVate

performance or display, and/Or modification of aH or any

portion of the Materials does not and wiJl not violate,

infringe and/or misappropriate the patent′ trademark,

inteHectual property or other rights of any third party. The

Author represents and warrants that it has and wHl

cont'Lnue tO comply with all government′ institutional and

other regulations′ including, Without limitation all

institutional, laboratory, hospital, ethical, human and

animal treatment, prIVaCy, and all other rules, regulations,

Laws, procedures or guidelines′ applicable to the Materlals,

and that all research involving human and animal subjects

has been approved by the Author's relevant institutional

review board.

ll.　JoVE Discretion. If the Author requests the

assistance of JoVE in producing the Video in the Author's

facil'rty, the Author shaH ensure that the presence of JoVE

employees′　agents or independent contractors is in

accordance with the relevant regulations of the Authorls

institution. lf more than one author is listed at the

beginning of this Agreement, JoVE may, in its sole

612542･6　For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the

Article until such time as it has received complete, executed

Article and Video License Agreements from each such

author. JoVE reserves the right, in its absolute and sole

discretion and without glVrng any reason therefore, to

accept or decline any work submitted to JoVE. JoVE and its

emp一oyees, agents and independent contractors shall have

fu", unfettered access to the facHities of the Author or of

the Author's institution as necessary to make the Video,

whether actuaHy published or not. JoVE has sole discretion

as to the method of making and publishing the Materials,

including, without limitation, to all decisions regarding

editing, lighting, filming′ timing of publicat-LOn′ if any,

length, quality, content and the like･

12.　1ndemnification. The Author agrees to indemnify

JoVE and/or its successors and assigns from and against any

and aII claims, costs, and expenses, including attorney's

fees, arising out of any breach of any warranty or other

representations contained herein. The Author further

agrees to indemnify and hold harmless JoVE from and

against any and all claims, costs, and expenses, including

attorney′s fees, resulting from the breach bv the Author of

any representation or warranty contained herein or from

allegations or instances of violation of intellectual property

rights, damage to the Author′s or the Author's institution's

facillties, fraud, libel, defamation, research, equipment,

experiments, property damage, persona一 injury, violations

of institutional, laboratory, hospital, ethical, human and

animal treatment, prlVaCy Or Other rules′ regulations, laws,

procedures or guidelines, IiabHities and other losses or

damages related in any way to the submission of work to

JoVE, making of videos by JoVE, Or publication in JoVE or

elsewhere byJoVE. The Author shall be responsible for, and

shal=101d JoVE harmless from′ damages caused by 一ack of

sterilization, Lack ofcleanliness or by contamination due to

the making of a video by JoVE Its employees, agents or

independent contractors. All sterilization, cleanliness or

decontamination procedures shall be solely the

responsibHity of the Author and Shall be undertaken at the

Author′s expense. All indemnifications provided herein

shaH include JoVE's attorney's fees and costs related to sa'Ld

bosses or damages. Such indemnification and ho一ding

harmless sham include such Dosses or damages incurred by,

or in connection with, acts or omissions of JoVE, its

employees, agents or independent contractors･

13.　　Fees. To cover the cost incurred for publication,

JoVE must receive payment before production and

pubHcation of the Materials. Payment is due in 21 days of

invoice. Should the Materials not be published due to an

editorial or production decision, these funds wiH be

returned to the Author. Withdrawa一 bv the Author of any

submitted Materia一s after final peer review approval w=

result in a USSl.200 fee td cover pre-production expenses

incurred by JoVE. lf payment is not received by the

completion of filming′ production and publication of the

Materials wiII be suspended until payment is received･

14.　　Transfer. Governing Law. This Agreement may be

assigned by JoVE and shaH inure to the benefits of any of

JoVE's successors and asSignees. This Agreement sham be

governed and construed by the internal laws of the

Commonwealth of Massachusetts Without giving effect to

any conflict of law provision thereunder. This Agreement

may be executed in counterparts, each of which sha" be

deemed an original, but all of which together shall be

deemed to me one and the same agreement. A signed copy

of this Agreement delivered by facsimile, e-mail Or other

means of electronic transmission sham be deemed to have

the same legal effect as delivery of an origlnal Signed copy

of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission･

CORRESPONDING AUTHOR

Name:

Department:

Lnstitution:

Title:

Signature:
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Please submit a signed and dated copy of this license by one of the foHowing three methods:

1. Upload an electronicversion ontheJoVE submission site

2. Faxthe documentto +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 AIewife Center#200 / Cambridge, MAO2140

612542･6　For questions, please contact us at submissions@jove.com or +1.617.945.9051.



>Editorial comments: 

>Changes to be made by the author(s) regarding the manuscript: 

>1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 

grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be 

present in the published version. 

>2. Line 142: Please change the section title “Method” to “PROTOCOL”. 

 

We changed the expression. 

 

>3. Please revise the Protocol to contain only action items that direct the reader to do something (e.g., “Do this,” 

“Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. 

Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 

cannot be written in the imperative tense may be added as a “NOTE.” Please include all safety procedures and use of 

hoods, etc. However, notes should be used sparingly and actions should be described in the imperative tense 

wherever possible. Please move the discussion about the protocol to the Discussion. 

 

We changed these expressions. 

 

>4. Please note that the protocol text will be used to generate the script for the video and must contain everything that 

you would like shown in the video. Software must have a GUI (graphical user interface) and software steps must be 

more explicitly explained ('click', 'select', etc.). Please add more specific details (e.g. button clicks or menu selections 

for software actions, numerical values for settings, etc.). There should be enough detail in each step to supplement the 

actions seen in the video so that viewers can easily replicate the protocol. Some examples. 

 

We added the explanation in 3.1),  

 

>5. 1.1: How is the output power adjusted, through a knob or by typing in a program? Please also specify the output 

power used. 

 

We added the explanation in 1.1) 

 

>6. 1.2: Please describe how to adjust the external cavity and the holographic grating. 

 

We added the explanation in 1.2) 

 

 

>7. 1.3, 1.4: Please describe how this is actually done. Is a computer program used? 

 

We added the explanation in 1.3) and 1.4). 

 

 

>8. Representative Results: Please include at least one figure or table to show the effectiveness of your technique 

backed up with data. 

 

We would like to ask editor’s kind explanation about what kind of a new figure or table you like to add in this 

manuscript. We have shown the fidelity and Bell parameters in PROTOCOL section. These estimated values clearly 

over the classical limit number including the experimental errors. We think the results show the effectiveness of our 

technique from the experimentally obtained data.  

 

 

>9. JoVE articles are focused on the methods and the protocol, thus the discussion should be similarly focused. 

Please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs with citations: 

>a) Critical steps within the protocol 

>b) Any modifications and troubleshooting of the technique 

>c) Any limitations of the technique 

>d) The significance with respect to existing methods 

>e) Any future applications of the technique 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;review 190225-
3.docx
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We added the critical step and the significance of the protocol in DISCUSSION. 

 

 

>10. Figure 4: Please include a space between the number and its unit (i.e., 30 s). 

 

We added a space in figure 4.  

 

>11. Table of Materials: Please remove trademark (?) and registered (?) symbols. Please sort the items in alphabetical 

order according to the name of material/equipment. 

 

We removed these marks in table of materials and arranged them in alphabetical order.  

 

>12. References: Please do not abbreviate journal titles. 

 

We modified the journal titles to avoid abbreviations.  

 

 

 

 

>Reviewers' comments: 

> 

> 

>Reviewer #1: 

> 

>Manuscript Summary: 

>This manuscript describes an unconditional generation of polarization entangled two photons. By using an efficient 

type 0 phasematching nonlinear materials and a Sagnac interferometer, generated entangled photons are spatially 

separated deterministically. 

> 

 

We think the above comments means the reviewer #1 is positive to advance the publication of our manuscript. 

 

 

> 

> 

>Reviewer #2: 

> 

>Manuscript Summary: 

>In this manuscript, the authors present a scheme to generate a polarization entangled photon pair by using a Sagnac 

interferometer with a type-0 PPKTP crystal inside, they claim this scheme has several advantages. Bascially this 

schme is new and workable, but I believe it is not interesting, I do not recommend its publication in present form. 

> 

>Major Concerns: 

> 

>The scheme is workable as demonstrated, but the proofs about the advantages are not convincing:1. about the 

poselection free. It has been also reliazed in many other schemes, for example, the famous two-crystal configuration 

proposed by Kwiat (PRA, 60, R773 (1995)). In the present work, the authors use a type-0 PPKTP assisted by a 

Sagnac interferometer, this is new;2. about high-emission rate. The authors do not give any solid proof to demontrate 

this point, even they do not give the experimental data about the emission rate achieved. They also do not compare 

their results with other similar works; 3. about the large broadband distribution. I also do not see any solid proof to 

show this point. Besides, The authors just demonstrate the scheme workable, but they do not do any detail analysis 

about the performance of the scheme: for example, the fidelity is not high (about 85%), the violation of Bell 

inequation is not strong (especially in D-base), compared with other schemes, what are t 

>he main reasons?how can they improve? In addition, the English need to be improved significantly, many sentecces 

are not exact,for example, "Owing to the recent development in quasphase-matching techniques, the periodically 

poled KTiOPO4 (ppKTP) and LiNbO3 (ppLN) have become a standard technique". 

> 

> 



We think that the concept of this journal is not presenting new novel results but showing the step by step methods of 

the established experiments. The reviewer #2 seems to make comments for our manuscript according to the usual 

criteria of academic papers. 

 

The purpose to estimate the fidelity is not to make the maximized value of the entanglement but to show a simple 

experimental demonstration of our methods. In addition, the large broad band distribution of the fluorescence given 

type-0 PPKTP has already been known in general, and has reported in several references like reference 8. We can 

show obtained spectral data of the source if the reviewer #2 really need them.  

 

Therefore, the above comments seem to be out of the concepts for this journal. We would like to hear the opinion of 

editors. 

 

 

>Reviewer #3: 

> 

>Manuscript Summary: 

> 

>Dear Editor, 

>the schematic or the visual experiment described in the method article by Terashima et al. , entitled "Photonic 

system for generating unconditional polarization-entangled photons based on multiple quantum interference" appears 

to me fundamentally right. 

> 

>It certainly is of interest to the community and to people approaching sources of entangled light, and I think 

deserves to be published/implemented. 

>On the other hand there are here and there aspects which could be improved, both in the sense of making the story 

more clear to the reader/viewer, and improve also some of the background information necessary to fully grasp the 

experiment and set-up described. 

> 

>Minor Concerns: 

> 

>hereunder a list of my suggestions: 

> 

>lots of acronyms: better most of the time to explicitly us the original term (spontaneous down conversion, laser 

diode, etc…) 

 

We have changed these acronyms on text. SPDC has been explained as spontaneous parametric down-conversion in 

INTRODUCTION section and Figure 1 caption. We have changed LD as laser diode in 1.1) and Figure 2. 

 

>line 91: the polarization of the pump laser is inverted (not was..)…similar avenues can be found afterwards. Guess 

the editors will take care… 

>Quite honestly it is not so clear in the authors text that the laser beam gets partly converted in the first ppktp and 

gets converted again after the retroreflector.... at least it is not first time one reads it, and I had to go back carefully 

and analyse the wording.. 

> 

>so I suggest the text is improved with some redundancy on the subject. For example: lin2 92 Here the V-component 

only (added only)… line 93…type-0 SPDC. The H component travels through unchanged (reference to where this 

can be found and explained…). (all added). The SPDC.. 

>line 103 the residual pump.. (residual added..).. in general the lack of laser beam notation in fig.1 1 for the blue 

arrow does not help.. should be added… 

> 

We would like to ask kind help and advices by editors to make clear our text for readers.  

 

>in 4 what one has is not a single photon state, but a superposition of photons with different polarizations… the 

notation as it is can create a significant confusion..I would use density matrix formalism to make it less ambiguous… 

> 

>5) is honestly obscure in its origin to any reader unfamiliar with the formalism, and phase management (I find rather 

unnecessary to develop the phase in its real and complex components since it is imposed to be pi..), I suggest the 

steps involving the formula in 1 are explicitly developed.. and do the calculation with the density matrix… 



> 

 

We agree that the representations in (1) are not only for a single photon state. We have added the explanation about 

the relation between our ket representation and density matrixes in INTRODUCTION section. Since our 

representation and the relation to density matrix is well described by the reference 18, we cited the reference in the 

end.  

 

>line 157: adjust the external…how can one adjust it? needs more details 

 

We added new explanations in 1.2) 

 

>line 179: parallel at 2 m: why? needs explaining… 

 

We added new explanations in 2.2) 

 

 

>line 186 : define or spell in full CW and CCW 

 

Although we defined these words in INTRODUCTION, we explain again CW and CCW in 2.4). 

 

>and CCD camera: which camera? it is the first time that it appears… and it is not in fig 1 or 2 it seems… 

 

We added new explanations in 2.2) and 2.6). 

 

>line 189: unclear the role of the 300 mm focus lens, and why the focus is on the second SPDC.. Obviously 

efficiency will change… needs discussion. 

 

We have added the explanations in 2.5).  

 

 

>line 245/6: these functions are obtained…. explicitly mention the formulas for the calculations of second order 

function and terms related.. 

 

We added new formulas to explain second order correlation functions in 4.1).  

 

>line 263; discuss the non idealities of the system which bring to a relative low fidelity… 

 

We added some more sentences to explain about low Bell parameters and fidelity in DISCUSSION section. 

 

 

 

 


