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Polarization Entanglement
• Photons can be in a superposition of two polarizations

• Two photons can be entangled such that when one of them is 
measured, they always end up being the same polarization

• This property allows them to instantaneously “affect” each other no 
matter the distance
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Properties of Entanglement
“It takes two to tangle.”

J. Eberly, 2015

Cannot be written as a product of two states

at leastv

Entangled

Not Entangled

In an entangled state, neither particle has definite properties alone.
⇒ All the information is stored in the joint properties. 

1935: Entanglement is
“the characteristic trait of quantum mechanics, the one that 
enforces its entire departure from classical lines of thought”

             ––E. Schrödinger



1935: Einstein, Podolsky, Rosen (EPR) Paradox

Spooky action 
at a distance

H
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Requires speeds > c, i.e. non-locality

Quantum mechanics challenges two commonly held beliefs:

1. “Objects have definite states before measurement.” Superposition implies 
they do not. (Then is there an objective reality before measurement?)

2. “Physical changes can only be caused locally.” Entanglement implies 
nonlocal correlations exist. (Does this allow faster-than-light 
communication? No, because results are random.)

EPR: Maybe correlations are due to some local element of reality that we 
haven’t detected yet (“local hidden variables”)?

A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777 (1935).
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What’s the difference with classical 
correlations?
• Consider socks in a box
• There are two boxes of socks. The socks can be red or green.
• Which color they are is determined randomly by a machine, 

but the two boxes always have the same color sockses.
• The sox are sent to distant locations, like Timbuktu and Wananifee.
• The recipients open the boxes simultaneously.
• Wow! They always find the same color sox in the box!



With photons
• We don’t know what color the photons are, not because it’s hidden, 

but because the photons are in a superposition of colors
• Their color won’t be determined until the recipient sees the color.
• At the instant the color is measured, the color of the other photon 

becomes the same.

• So the key differences are:
• The colors are not predetermined (violating realism)
• Measuring the color of one instantaneously sets the color of the other 

(violating locality)



But but but…
• But energy is always conserved, right?

• Yes! The creation of photons obeys energy conservation, so if a photon is 
created in a superposition of different energies, the energy difference is 
compensated for through the creation process (e.g. atomic momentum)

• But does this mean we can communicate faster than light?
• Since the photons choose a color randomly, knowing that you share the same 

color photon cannot be used to communicate – although it can be used as a 
resource called “shared randomness”, like the valentine example.

• How do we test for entanglement?



1964: Bell’s theorem
• Bell’s theorem gives an inequality that would hold if local realism were true

• The measurements are taken over many entangled pairs and thus are statistical
• The angles are chosen to maximize violation of the inequality

J.S. Bell, Physics 1, 195-200 (1964)
J.F. Clauser, M.A. Horne, A. Shimony, R.A. Holt, PRL 23, 880-884 (1969)

[ E(a,b) + E(a’,b) + E(a’,b’) – E(a,b’) ] ≤ 2

a b a’
b’

a

b’
a’

b

First 3 terms ~ likelihood the results are more similar than different





Entangled photons allow new applications

https://www.jpl.nasa.gov/news/news.php?feature=5210



Quantum networks: a new type of internet

• Genuinely secure communication through 
detection of eavesdropping

• Connections with real-world quantum 
computers (once they are ready)

• Fundamentally new ways of solving 
computational problems

• Improved sensing of astronomical objects

• Unforeseen applications of the technology
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Quantum Information

Information Science Quantum Mechanics

Quantum 
Computing

Quantum 
Communication

Simulation of 
Quantum Systems

Quantum State

Optical
Ion trap
Atoms
Quantum dots
…

Photon pair generation

Photon Pair
Source

The last 50 years: Quantum Information

“It’s fine to talk about these things, but here’s 
a hammer and a wrench – can you make 
one?” – J. S. Bell

Spontaneous parametric down-conversion (SPDC)

Spontaneous four-wave mixing (SFWM)
Quantum Sensing



1970: Spontaneous Parametric Down-Conversion
• Burnham & Weinberg, PRL 25, 84 (1970):

ωp = ωs + ωi *

κp  = κs + κi † 

χ(2)

Type-I phase-matching
Photons have identical polarizations

e
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*Energy conservation  energy entanglement
†Momentum conservation  momentum entanglement



Polarization Entanglement
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Angle of polarizer #2 (#1 at 45˚)

Proof of Quantum Correlations

QM theoretical 
prediction

V = 99.7 ± 1.0%

Near-perfect quantum behavior
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		75		1364				-15		399.6531295231		-230.6734352385		-327.5562780386		-96.8828428002

		85		1059				-12.5		464.7679853011		-198.1160073494		-281.3247304362		-83.2087230868

		95		750				-10		532.8984059624		-164.0507970188		-232.9521317667		-68.9013347479

		105		516				-7.5		603.5258778675		-128.7370610662		-182.8066267141		-54.0695656478

		115		231				-5		676.1128833092		-92.4435583454		-131.2698528505		-38.8262945051

		125		76				-2.5		750.1069913467		-55.4465043266		-78.7340361438		-23.2875318172

		135		4				0		824.9450621392		-18.0274689304		-25.5990058812		-7.5715369508

		145		50				2.5		900.0575327793		19.5287663896		27.7308482733		8.2020818837

		155		196				5		974.8727520114		56.9363760057		80.8496539281		23.9132779224

		165		430				7.5		1048.8213308424		93.9106654212		133.3531448981		39.4424794769

		175		688				10		1121.3404759361		130.1702379681		184.8417379147		54.6714999466

		185		1024				12.5		1191.8782728101		165.439136405		234.9235736952		69.4844372901

		195		1257				15		1259.8978862382		199.4489431191		283.2174992291		83.76855611

		205		1479				17.5		1324.8816458909		231.9408229455		329.3559685825		97.4151456371

		215		1708				20		1386.334986119		262.6674930595		372.9878401445		110.320347085

		225		1751				22.5		1443.7902098968		291.3951049484		413.7810490267		122.3859440783

		235		1668				25		1496.8100482789		317.9050241394		451.425134278		133.5201101386

		245		1521				27.5		1544.990988281		341.9954941405		485.6336016795		143.638107539

		255		1261				30		1587.9663438572		363.4831719286		516.1461041386		152.66293221

		265		1012				32.5		1625.4090466024		382.2045233012		542.7304230877		160.5258997865

		275		737				35		1657.0341349402		398.0170674701		565.1842358075		167.1671683374

		285		461				37.5		1682.6009228525		410.8004614263		583.3366552253		172.536193799

		295		174				40		1701.9148316457		420.4574158229		597.0495304685		176.5921146456

		305		64				42.5		1714.8288708118		426.9144354059		606.2184982764		179.3040628705

		315		5				45		1721.2447567151		430.1223783576		610.7737772677		180.6513989102

								47.5		1721.1136605898		430.0568302949		610.6806990188		180.6238687239

								50		1714.4365801566		426.7182900783		605.9399719112		179.2216818329

								52.5		1701.2643320293		420.1321660146		596.5876757408		176.4555097261

								55		1681.6971649697		410.3485824849		582.6949871285		172.3464046436

								57.5		1655.8839969343		397.4419984671		564.3676378233		166.9256393562

								60		1624.0212817181		381.510640859		541.7451100198		160.2344691608

								62.5		1586.3515138232		362.6757569116		514.9995748144		152.3238179029

								65		1543.1613829288		341.0806914644		484.3345818795		143.2538904151

								67.5		1494.7795920101		316.889796005		449.9835103272		133.0937143221

								70		1441.5743557096		290.2871778548		412.2077925538		121.920614699

								72.5		1383.9505980017		261.4752990009		371.2949245812		109.8196255804

								75		1322.3468704769		230.6734352385		327.5562780386		96.8828428002

								77.5		1257.2320146989		198.1160073494		281.3247304362		83.2087230868

								80		1189.1015940376		164.0507970188		232.9521317667		68.9013347479

								82.5		1118.4741221325		128.7370610662		182.8066267141		54.0695656478

								85		1045.8871166908		92.4435583454		131.2698528505		38.8262945051

								87.5		971.8930086533		55.4465043266		78.7340361438		23.2875318172

								90		897.0549378608		18.0274689304		25.5990058812		7.5715369508

								92.5		821.9424672207		-19.5287663896		-27.7308482733		-8.2020818837

								95		747.1272479886		-56.9363760057		-80.8496539281		-23.9132779224

								97.5		673.1786691576		-93.9106654212		-133.3531448981		-39.4424794769

								100		600.6595240639		-130.1702379681		-184.8417379147		-54.6714999466

								102.5		530.1217271899		-165.439136405		-234.9235736952		-69.4844372901

								105		462.1021137618		-199.4489431191		-283.2174992291		-83.76855611

								107.5		397.1183541091		-231.9408229455		-329.3559685825		-97.4151456371

								110		335.665013881		-262.6674930595		-372.9878401445		-110.320347085

								112.5		278.2097901032		-291.3951049484		-413.7810490267		-122.3859440783

								115		225.1899517211		-317.9050241394		-451.425134278		-133.5201101386

								117.5		177.009011719		-341.9954941405		-485.6336016795		-143.638107539

								120		134.0336561428		-363.4831719286		-516.1461041386		-152.66293221

								122.5		96.5909533976		-382.2045233012		-542.7304230877		-160.5258997865

								125		64.9658650598		-398.0170674701		-565.1842358075		-167.1671683374

								127.5		39.3990771475		-410.8004614263		-583.3366552253		-172.536193799

								130		20.0851683543		-420.4574158229		-597.0495304685		-176.5921146456

								132.5		7.1711291882		-426.9144354059		-606.2184982764		-179.3040628705

								135		0.7552432849		-430.1223783576		-610.7737772677		-180.6513989102

								137.5		0.8863394102		-430.0568302949		-610.6806990188		-180.6238687239

								140		7.5634198434		-426.7182900783		-605.9399719112		-179.2216818329

								142.5		20.7356679707		-420.1321660146		-596.5876757408		-176.4555097261

								145		40.3028350303		-410.3485824849		-582.6949871285		-172.3464046436

								147.5		66.1160030657		-397.4419984671		-564.3676378233		-166.9256393562

								150		97.9787182819		-381.510640859		-541.7451100198		-160.2344691608

								152.5		135.6484861768		-362.6757569116		-514.9995748144		-152.3238179029

								155		178.8386170712		-341.0806914644		-484.3345818795		-143.2538904151

								157.5		227.2204079899		-316.889796005		-449.9835103272		-133.0937143221

								160		280.4256442904		-290.2871778548		-412.2077925538		-121.920614699

								162.5		338.0494019983		-261.4752990009		-371.2949245812		-109.8196255804

								165		399.6531295231		-230.6734352385		-327.5562780386		-96.8828428002

								167.5		464.7679853011		-198.1160073494		-281.3247304362		-83.2087230868

								170		532.8984059624		-164.0507970188		-232.9521317667		-68.9013347479

								172.5		603.5258778675		-128.7370610662		-182.8066267141		-54.0695656478

								175		676.1128833092		-92.4435583454		-131.2698528505		-38.8262945051

								177.5		750.1069913467		-55.4465043266		-78.7340361438		-23.2875318172

								180		824.9450621392		-18.0274689304		-25.5990058812		-7.5715369508

								182.5		900.0575327793		19.5287663896		27.7308482733		8.2020818837

								185		974.8727520114		56.9363760057		80.8496539281		23.9132779224

								187.5		1048.8213308424		93.9106654212		133.3531448981		39.4424794769

								190		1121.3404759361		130.1702379681		184.8417379147		54.6714999466

								192.5		1191.8782728101		165.439136405		234.9235736952		69.4844372901

								195		1259.8978862382		199.4489431191		283.2174992291		83.76855611

								197.5		1324.8816458909		231.9408229455		329.3559685825		97.4151456371

								200		1386.334986119		262.6674930595		372.9878401445		110.320347085

								202.5		1443.7902098968		291.3951049484		413.7810490267		122.3859440783

								205		1496.8100482789		317.9050241394		451.425134278		133.5201101386

								207.5		1544.990988281		341.9954941405		485.6336016795		143.638107539

								210		1587.9663438572		363.4831719286		516.1461041386		152.66293221

								212.5		1625.4090466024		382.2045233012		542.7304230877		160.5258997865

								215		1657.0341349402		398.0170674701		565.1842358075		167.1671683374

								217.5		1682.6009228525		410.8004614263		583.3366552253		172.536193799

								220		1701.9148316457		420.4574158229		597.0495304685		176.5921146456

								222.5		1714.8288708118		426.9144354059		606.2184982764		179.3040628705

								225		1721.2447567151		430.1223783576		610.7737772677		180.6513989102

								227.5		1721.1136605898		430.0568302949		610.6806990188		180.6238687239

								230		1714.4365801566		426.7182900783		605.9399719112		179.2216818329

								232.5		1701.2643320293		420.1321660146		596.5876757408		176.4555097261

								235		1681.6971649697		410.3485824849		582.6949871285		172.3464046436

								237.5		1655.8839969343		397.4419984671		564.3676378233		166.9256393562

								240		1624.0212817181		381.510640859		541.7451100198		160.2344691608

								242.5		1586.3515138232		362.6757569116		514.9995748144		152.3238179029

								245		1543.1613829288		341.0806914644		484.3345818795		143.2538904151

								247.5		1494.7795920101		316.889796005		449.9835103272		133.0937143221

								250		1441.5743557096		290.2871778548		412.2077925538		121.920614699

								252.5		1383.9505980017		261.4752990009		371.2949245812		109.8196255804

								255		1322.3468704769		230.6734352385		327.5562780386		96.8828428002

								257.5		1257.2320146989		198.1160073494		281.3247304362		83.2087230868

								260		1189.1015940376		164.0507970188		232.9521317667		68.9013347479

								262.5		1118.4741221325		128.7370610662		182.8066267141		54.0695656478

								265		1045.8871166908		92.4435583454		131.2698528505		38.8262945051

								267.5		971.8930086533		55.4465043266		78.7340361438		23.2875318172

								270		897.0549378608		18.0274689304		25.5990058812		7.5715369508

								272.5		821.9424672207		-19.5287663896		-27.7308482733		-8.2020818837

								275		747.1272479886		-56.9363760057		-80.8496539281		-23.9132779224

								277.5		673.1786691576		-93.9106654212		-133.3531448981		-39.4424794769

								280		600.6595240639		-130.1702379681		-184.8417379147		-54.6714999466

								282.5		530.1217271899		-165.439136405		-234.9235736952		-69.4844372901

								285		462.1021137618		-199.4489431191		-283.2174992291		-83.76855611

								287.5		397.1183541091		-231.9408229455		-329.3559685825		-97.4151456371

								290		335.665013881		-262.6674930595		-372.9878401445		-110.320347085

								292.5		278.2097901032		-291.3951049484		-413.7810490267		-122.3859440783

								295		225.1899517211		-317.9050241394		-451.425134278		-133.5201101386

								297.5		177.009011719		-341.9954941405		-485.6336016795		-143.638107539

								300		134.0336561428		-363.4831719286		-516.1461041386		-152.66293221

								302.5		96.5909533976		-382.2045233012		-542.7304230877		-160.5258997865

								305		64.9658650598		-398.0170674701		-565.1842358075		-167.1671683374

								307.5		39.3990771475		-410.8004614263		-583.3366552253		-172.536193799

								310		20.0851683543		-420.4574158229		-597.0495304685		-176.5921146456

								312.5		7.1711291882		-426.9144354059		-606.2184982764		-179.3040628705

								315		0.7552432849		-430.1223783576		-610.7737772677		-180.6513989102
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				coincidences				fine-scale angle		theory		Classical		LHV theory

		-45		13				-45		0.7552432849		430.8776216424		250.2262227323

		-35		29				-42.5		0.8863394102		430.9431697051		250.3193009812

		-25		181				-40		7.5634198434		434.2817099217		255.0600280888

		-15		359				-37.5		20.7356679707		440.8678339854		264.4123242592

		-5		710				-35		40.3028350303		450.6514175151		278.3050128715

		5		934				-32.5		66.1160030657		463.5580015329		296.6323621767

		15		1213				-30		97.9787182819		479.489359141		319.2548899802

		25		1444				-27.5		135.6484861768		498.3242430884		346.0004251856

		35		1704				-25		178.8386170712		519.9193085356		376.6654181205

		45		1699				-22.5		227.2204079899		544.110203995		411.0164896728

		55		1656				-20		280.4256442904		570.7128221452		448.7922074462

		65		1585				-17.5		338.0494019983		599.5247009991		489.7050754188

		75		1364				-15		399.6531295231		630.3265647615		533.4437219614

		85		1059				-12.5		464.7679853011		662.8839926506		579.6752695638

		95		750				-10		532.8984059624		696.9492029812		628.0478682333

		105		516				-7.5		603.5258778675		732.2629389338		678.1933732859

		115		231				-5		676.1128833092		768.5564416546		729.7301471495

		125		76				-2.5		750.1069913467		805.5534956734		782.2659638562

		135		4				0		824.9450621392		842.9725310696		835.4009941188

		145		50				2.5		900.0575327793		880.5287663896		888.7308482733

		155		196				5		974.8727520114		917.9363760057		941.8496539281

		165		430				7.5		1048.8213308424		954.9106654212		994.3531448981

		175		688				10		1121.3404759361		991.1702379681		1045.8417379146

		185		1024				12.5		1191.8782728101		1026.4391364051		1095.9235736952

		195		1257				15		1259.8978862382		1060.4489431191		1144.2174992291

		205		1479				17.5		1324.8816458909		1092.9408229455		1190.3559685826

		215		1708				20		1386.334986119		1123.6674930595		1233.9878401445

		225		1751				22.5		1443.7902098968		1152.3951049484		1274.7810490267

		235		1668				25		1496.8100482789		1178.9050241394		1312.425134278

		245		1521				27.5		1544.990988281		1202.9954941405		1346.6336016795

		255		1261				30		1587.9663438572		1224.4831719286		1377.1461041386

		265		1012				32.5		1625.4090466024		1243.2045233012		1403.7304230877

		275		737				35		1657.0341349402		1259.0170674701		1426.1842358075

		285		461				37.5		1682.6009228525		1271.8004614263		1444.3366552253

		295		174				40		1701.9148316457		1281.4574158229		1458.0495304685

		305		64				42.5		1714.8288708118		1287.9144354059		1467.2184982764

		315		5				45		1721.2447567151		1291.1223783576		1471.7737772677

								47.5		1721.1136605898		1291.0568302949		1471.6806990188

								50		1714.4365801566		1287.7182900783		1466.9399719112

								52.5		1701.2643320293		1281.1321660146		1457.5876757408

								55		1681.6971649697		1271.3485824849		1443.6949871285

								57.5		1655.8839969343		1258.4419984671		1425.3676378233

								60		1624.0212817181		1242.510640859		1402.7451100198

								62.5		1586.3515138232		1223.6757569116		1375.9995748144

								65		1543.1613829288		1202.0806914644		1345.3345818795

								67.5		1494.7795920101		1177.889796005		1310.9835103272

								70		1441.5743557096		1151.2871778548		1273.2077925538

								72.5		1383.9505980017		1122.4752990009		1232.2949245812

								75		1322.3468704769		1091.6734352385		1188.5562780386

								77.5		1257.2320146989		1059.1160073495		1142.3247304362

								80		1189.1015940376		1025.0507970188		1093.9521317667

								82.5		1118.4741221325		989.7370610662		1043.8066267141

								85		1045.8871166908		953.4435583454		992.2698528505

								87.5		971.8930086533		916.4465043266		939.7340361438

								90		897.0549378608		879.0274689304		886.5990058812

								92.5		821.9424672207		841.4712336104		833.2691517267

								95		747.1272479886		804.0636239943		780.1503460719

								97.5		673.1786691576		767.0893345788		727.6468551019

								100		600.6595240639		730.8297620319		676.1582620853

								102.5		530.1217271899		695.560863595		626.0764263048

								105		462.1021137618		661.5510568809		577.7825007709

								107.5		397.1183541091		629.0591770545		531.6440314175

								110		335.665013881		598.3325069405		488.0121598555

								112.5		278.2097901032		569.6048950516		447.2189509733

								115		225.1899517211		543.0949758606		409.574865722

								117.5		177.009011719		519.0045058595		375.3663983205

								120		134.0336561428		497.5168280714		344.8538958614

								122.5		96.5909533976		478.7954766988		318.2695769123

								125		64.9658650598		462.9829325299		295.8157641925

								127.5		39.3990771475		450.1995385737		277.6633447747

								130		20.0851683543		440.5425841771		263.9504695315

								132.5		7.1711291882		434.0855645941		254.7815017236

								135		0.7552432849		430.8776216424		250.2262227323

								137.5		0.8863394102		430.9431697051		250.3193009812

								140		7.5634198434		434.2817099217		255.0600280888

								142.5		20.7356679707		440.8678339854		264.4123242592

								145		40.3028350303		450.6514175151		278.3050128715

								147.5		66.1160030657		463.5580015329		296.6323621767

								150		97.9787182819		479.489359141		319.2548899802

								152.5		135.6484861768		498.3242430884		346.0004251856

								155		178.8386170712		519.9193085356		376.6654181205

								157.5		227.2204079899		544.110203995		411.0164896728

								160		280.4256442904		570.7128221452		448.7922074462

								162.5		338.0494019983		599.5247009991		489.7050754188

								165		399.6531295231		630.3265647615		533.4437219614

								167.5		464.7679853011		662.8839926506		579.6752695638

								170		532.8984059624		696.9492029812		628.0478682333

								172.5		603.5258778675		732.2629389338		678.1933732859

								175		676.1128833092		768.5564416546		729.7301471495

								177.5		750.1069913467		805.5534956734		782.2659638562

								180		824.9450621392		842.9725310696		835.4009941188

								182.5		900.0575327793		880.5287663896		888.7308482733

								185		974.8727520114		917.9363760057		941.8496539281

								187.5		1048.8213308424		954.9106654212		994.3531448981

								190		1121.3404759361		991.1702379681		1045.8417379146

								192.5		1191.8782728101		1026.4391364051		1095.9235736952

								195		1259.8978862382		1060.4489431191		1144.2174992291

								197.5		1324.8816458909		1092.9408229455		1190.3559685826

								200		1386.334986119		1123.6674930595		1233.9878401445

								202.5		1443.7902098968		1152.3951049484		1274.7810490267

								205		1496.8100482789		1178.9050241394		1312.425134278

								207.5		1544.990988281		1202.9954941405		1346.6336016795

								210		1587.9663438572		1224.4831719286		1377.1461041386

								212.5		1625.4090466024		1243.2045233012		1403.7304230877

								215		1657.0341349402		1259.0170674701		1426.1842358075

								217.5		1682.6009228525		1271.8004614263		1444.3366552253

								220		1701.9148316457		1281.4574158229		1458.0495304685

								222.5		1714.8288708118		1287.9144354059		1467.2184982764

								225		1721.2447567151		1291.1223783576		1471.7737772677

								227.5		1721.1136605898		1291.0568302949		1471.6806990188

								230		1714.4365801566		1287.7182900783		1466.9399719112

								232.5		1701.2643320293		1281.1321660146		1457.5876757408

								235		1681.6971649697		1271.3485824849		1443.6949871285

								237.5		1655.8839969343		1258.4419984671		1425.3676378233

								240		1624.0212817181		1242.510640859		1402.7451100198

								242.5		1586.3515138232		1223.6757569116		1375.9995748144

								245		1543.1613829288		1202.0806914644		1345.3345818795

								247.5		1494.7795920101		1177.889796005		1310.9835103272

								250		1441.5743557096		1151.2871778548		1273.2077925538

								252.5		1383.9505980017		1122.4752990009		1232.2949245812

								255		1322.3468704769		1091.6734352385		1188.5562780386

								257.5		1257.2320146989		1059.1160073495		1142.3247304362

								260		1189.1015940376		1025.0507970188		1093.9521317667

								262.5		1118.4741221325		989.7370610662		1043.8066267141

								265		1045.8871166908		953.4435583454		992.2698528505

								267.5		971.8930086533		916.4465043266		939.7340361438

								270		897.0549378608		879.0274689304		886.5990058812

								272.5		821.9424672207		841.4712336104		833.2691517267

								275		747.1272479886		804.0636239943		780.1503460719

								277.5		673.1786691576		767.0893345788		727.6468551019

								280		600.6595240639		730.8297620319		676.1582620853

								282.5		530.1217271899		695.560863595		626.0764263048

								285		462.1021137618		661.5510568809		577.7825007709

								287.5		397.1183541091		629.0591770545		531.6440314175

								290		335.665013881		598.3325069405		488.0121598555

								292.5		278.2097901032		569.6048950516		447.2189509733

								295		225.1899517211		543.0949758606		409.574865722

								297.5		177.009011719		519.0045058595		375.3663983205

								300		134.0336561428		497.5168280714		344.8538958614

								302.5		96.5909533976		478.7954766988		318.2695769123

								305		64.9658650598		462.9829325299		295.8157641925

								307.5		39.3990771475		450.1995385737		277.6633447747

								310		20.0851683543		440.5425841771		263.9504695315

								312.5		7.1711291882		434.0855645941		254.7815017236

								315		0.7552432849		430.8776216424		250.2262227323
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564.3676378233

397.4419984671

1624.0212817181

541.7451100198

381.510640859

1586.3515138232

514.9995748144

362.6757569116

1543.1613829288

484.3345818795

341.0806914644

1494.7795920101

449.9835103272

316.889796005

1441.5743557096

412.2077925538

290.2871778548

1383.9505980017

371.2949245812

261.4752990009

1322.3468704769

327.5562780386

230.6734352385

1257.2320146989

281.3247304362

198.1160073494

1189.1015940376

232.9521317667

164.0507970188

1118.4741221325

182.8066267141

128.7370610662

1045.8871166908

131.2698528505

92.4435583454

971.8930086533

78.7340361438

55.4465043266

897.0549378608

25.5990058812

18.0274689304

821.9424672207

-27.7308482733

-19.5287663896

747.1272479886

-80.8496539281

-56.9363760057

673.1786691576

-133.3531448981

-93.9106654212

600.6595240639

-184.8417379147

-130.1702379681

530.1217271899

-234.9235736952

-165.439136405

462.1021137618

-283.2174992291

-199.4489431191

397.1183541091

-329.3559685825

-231.9408229455

335.665013881

-372.9878401445

-262.6674930595

278.2097901032

-413.7810490267

-291.3951049484

225.1899517211

-451.425134278

-317.9050241394

177.009011719

-485.6336016795

-341.9954941405

134.0336561428

-516.1461041386

-363.4831719286

96.5909533976

-542.7304230877

-382.2045233012

64.9658650598

-565.1842358075

-398.0170674701

39.3990771475

-583.3366552253

-410.8004614263

20.0851683543

-597.0495304685

-420.4574158229

7.1711291882

-606.2184982764

-426.9144354059

0.7552432849

-610.7737772677

-430.1223783576

















Spontaneous four-wave mixing

• Spontaneous four-wave mixing in polarization-
maintaining optical fiber:

• Birefringent phase-matching:

standard polarization-maintaining fiber

pump signal & idler

ωp

ωp

ωs

ωi

ωp

ωp ωs

ωi

Conservation of energy



Sagnac loop

Pump travels on slow axis. Signal and idler travel on fast axis.
One end of the fiber is twisted by 90° relative to the other end.

Twisted by 90°

Generation of polarization entanglement
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Sagnac loop

Generation of polarization entanglement

Pump travels on slow axis. Signal and idler travel on fast axis.
One end of the fiber is twisted by 90° relative to the other end.
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2525

Three-photon discrete-energy-entangled W-state

Two-pair state 25/75 33/67 50/50

• Test non-locality of quantum mechanics
• Quantum communication protocols
• Robust against loss & decoherence

B. Fang et al., Phys. Rev. Lett. 123, 070508 (2019).



Why are entangled states important?

• Responsible for quantum measurements and decoherence

• Central to demonstrations of quantum nonlocality (e.g., Bell’s inequalities, GHZ, 
Hardy, etc.)

• Quantum cryptography – separated particles’ correlations allow sharing of secret 
random key

• Quantum teleportation – transmit unknown quantum state via 2 classical bits + 
EPR pair

• Quantum computation – intermediate states are all complex entangled states



Entanglement, and the scaling that results, is 
the key to the power of quantum computing
• Classically, information is stored in a bit register:

• A 3-bit register can store one number, from 0-7
• Quantum Mechanically, a register of 3 qubits can store all of these numbers in superposition:

Result:
• Classical: one N-bit number
• Quantum: 2N (all possible) N-bit numbers

• N.B. A 300-qubit register can simultaneously store more combinations than there are particles in the universe.
• Acting on the qubits simultaneously affects all the numbers:

• Some important problems benefit from this entanglement, enabling solutions of otherwise 
insoluble problems.

101

|000〉+ |001〉+ |010〉 + |011 〉 + |100〉+|101〉 + |110〉 + |111 〉

 

= 0 + 1 + ... 7

 

0 + 1 + ... 7( )⊗ f x( ) ⇒ 0 f 0( ) + 1 f 1( ) + ... 7 f 7( )



Controlled-Not Gate:

2-Qubit interactions lead to entangled states.
 

0 c 0 t → 0 c 0 t

0 c 1 t → 0 c 1 t

1 c 0 t → 1 c 1 t

1 c 1 t → 1 c 0 t

 

0 c + 1 c( )0 t
CNOT →   0 c 0 t + 1 c 1 t

Quantum Logic



____________________________________
From: UIUC
Sent:  Friday, March 1, 2014 11:40 AM
To:  'Virginia Lorenz'
Subject: Physics

Hi Virginia,
…

http://en.wikipedia.org

USA TODAY:

____________________________________
From: UIUC
Sent:  Friday, March 1, 2014 11:40 AM
To:  'Virginia Lorenz'
Subject: Physics

Hi Virginia,
…

9AFGJI4JT09RKSP

Security relies on computational difficulty of factoring the public key

RSA Algorithm (1978): Generate random prime numbers p & q.
Compute n = pq, ϕ(n) = (p-1)(q-1), e co-prime with ϕ, d = e-1 mod ϕ(n)
Release e, n as public key. Encrypt: c = messagee (mod n)
Keep d as private key. Decrypt: message = cd (mod n)

Classical Cryptography



Quantum Key Distribution

Entangled
photon
source

Ekert Protocol (1991): Generate entangled photon pair.
Send one to each user. Each user measures in random basis.
Repeat. Public discussion of basis. Reject unlike bases.
Use key to encrypt and decrypt message.

• Eavesdropping without being detected is impossible 
  because measurement changes the correlations

Security is guaranteed by the laws of quantum physics

[ ]( ) )(

http://www.idquantique.com/quantum-safe-crypto/



Bennett et al., PRL 70, 1895 (1993)

Quantum Teleportation
The basic idea: transfer the (infinite) amount of information in a qubit from 
Alice to Bob without sending the qubit itself.
Requires Alice and Bob to share entanglement:

Remarks:
• The original state is gone.
• Neither Alice nor Bob know what it was.
• Requires classical communication – no superluminal signaling. 
• Bell state analysis is hard.

E.g. Alice measures photons C and A 
to be in a singlet state.
Then since C and A are perpendicular, 
and since A and B are perpendicular,
C and B must be identical!



Experimental Teleportation 

• Now demonstrated teleportation of entanglement, other 
degrees of freedom, continuous variables, energy states of 
ions, 2-qubits …

1997: First demonstration [Bouwmeester et al., Nature 390, 575 (1997)]

2004: Quantum teleportation across the Danube [Ursin et al., Nature 430, 849 (2004)]



1,200 kilometers

Satellite-to-ground QKD











• The National Quantum Initiative Act was signed into law on December 21, 2018. The law gives the 
United States a plan for advancing quantum technology, particularly quantum computing.

• This act has spurred a tsunami of funding for quantum research and industry.

• Illinois positioned itself well and has become a global leader in quantum technology.
• University research teams span the range of quantum technologies
• Captured 4/10 National Quantum Centers for research (=$280M)
• Chicago Quantum Exchange nucleated academic and industry partnerships
• Quantum technology industry is strong and continues to grow in Illinois

I Q U I S T  |  G R A I N G E R  E N G I N E E R I N GU N I V E R S I T Y  O F  I L L I N O I S  U R B A N A - C H A M P A I G N
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PQN will transmit entangled photons through existing 
fiber, connecting UIUC quantum optics labs with public 
institutions throughout Urbana-Champaign.

This creates a publicly accessible network for

• Extensive public engagement: public participation in 
quantum technologies, quantum curricula in 
underserved communities (8th grade through 
community college)

• Fundamental research: state-of-the-art quantum 
protocols and tests at scale

• Quantum technology innovation: deep involvement of 
industry partners   

What is the Public Quantum Network (PQN)?







Quantum 
Teleportation

Unforeseen 
applications 
from people 

like you











Superposition Entanglement Measurement









1930’s

1960’s 2022

1970’s to present 2023



Fermilab Visitor’s CenterLinks to Chicago: Kankakee Community College

Locally: preparing for next node, ongoing outreach activities

Next spring: add a second measurement station at the Urbana Free 
Library to give people the power to share “quantum valentines”

Next summer: work with TeachQuantum to build curricula with local 
high school teachers

What’s next?



Print out a coloring book!

iquist.Illinois.edu/outreach/pqn/coloring-book



Join us for a Quantum Adventure!
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Conclusion
• Quantum entanglement breaks local 

realism

• Generating entangled photons & 
reconstructing their state is relatively 
easy, but engineering for applications 
is still a challenge

• Entanglement is not just “spooky”, 
it’s useful!



But there’s Quantum Teleportation, and then there’s



Yes, but there are two major differences. Firstly, we 
transfer properties, not matter. And secondly, until 
now we have had more success with light particles 
and occasionally with atoms, not with larger 
objects.

And even if it was possible, the problems 
involved would be huge. Firstly: for physical 
reasons, the original has to be completely 
isolated from its environment for the transfer 
to work. There has to be a total vacuum for it 
to work. And it is a well-known fact that this is 
not particularly healthy for human beings. 
Secondly, you would take all the properties 
from a person and transfer them onto another. 
This means producing a being who no longer 
has any hair colour, no eye colour, nix. A man 
without qualities! This is not only unethical – 
it's so crazy that it's impossible to imagine.

http://www.signandsight.com/features/614.html

Anton Zeilinger



The atoms in a human being are the equivalent 
to the information mass of about a thousand 
billion billion billion bits. Even with today's top 
technology, this means it would take about 30 
billion years to transfer this mass of data. 
That's twice the age of the universe. So we'll 
need a number of major breakthroughs in 
technology first.

…

Who knows, perhaps in a thousand years we 
really will be able to teleport a coffee cup. But 
beware: even the tiniest interference can 
mean that the cup arrives without its handle. 
This method of transport would be far too 
dangerous for humans.

http://www.signandsight.com/features/614.html

Anton Zeilinger
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