wo 2010/114665 A1 I 0K OO OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2010/114665 A1l

(19) World Intellectual Property Organization /’@?‘?’3\
International Bureau v{ 0
Al
(43) International Publication Date \'{_5___,/
7 October 2010 (07.10.2010) PCT
(51) International Patent Classification: 74)
GO01S 17/89 (2006.01) GO1S 7/486 (2006.01)
(21) International Application Number:
PCT/US2010/026042 (81)
(22) International Filing Date:
3 March 2010 (03.03.2010)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
12/418,568 4 April 2009 (04.04.2009) US
(71) Applicant (for all designated States except US): THE
BOEING COMPANY [US/US]; 100 North Riverside
Plaza, Chicago, Illinois 60606-2016 (US). 84
(72) Inventors; and
(75) Inventors/Applicants (for US only): HUNT, Jeftrey H.

[US/US]; 2253 Calle Riscosco, Thousand Oaks, Califor-
nia 91362 (US). CAPRON, Barbara A. [US/US]; 20129
SE 32nd Street, Sammamish, Washington 98075 (US).
PARAZZOLI, Claudio G. [US/US]; 1420 So. Trenton
St., Bldg. 15-10 MS 2T-50, Seattle, Washington 98108

(US).

Agents: COUSINS, Clifford G et al.; The Boeing Com-
pany, P.O. Box 2515, MC 110-SD54, Seal Beach, Cali-
fornia 90740-1515 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: GENERATION AND DETECTION OF FREQUENCY ENTANGLED PHOTONS

(57) Abstract: An ultraviolet laser generates a coherent beam, which is
downconverted to produce pairs of frequency-entangled photons. For each
entangled pair, a first photon is sent along a first path and a second photon
is sent along a second path. A first detector detects those photons sent
along the first path, and a second detector detects those photons sent along
the second path. The detection is performed in a single photon regime. Co-
incidence counting is performed on outputs of the detectors, including
comparing leading edges on outputs of the first and second detectors with-
in a time window.

gy
o
u

ol

i

e TR




WO 2010/114665 A1 I 0000 )00 T T E AR AU

—  with international search report (Art. 21(3))

Published:



PCT/US2010/026042

WO 2010/114665

W
\\\s\

4
K

&
N

o
3
RS

o
AN

bt
2%
77
wntrn,

by

R




PCT/US2010/026042

WO 2010/114665

)




PCT/US2010/026042

WO 2010/114665

el
¥
by

w

3

N

i
A

it
posd

S8

Ry

7
£
4
Y




PCT/US2010/026042

WO 2010/114665

Sen
oy

)
",

./

SR
R
Loy

o
TR




PCT/US2010/026042

WO 2010/114665

W




PCT/US2010/026042

WO 2010/114665

(SRR

7%

Y




PCT/US2010/026042

WO 2010/114665




PCT/US2010/026042

WO 2010/114665

w

R

i
3
3

=3
&




PCT/US2010/026042

WO 2010/114665

-

PRIt

RN




PCT/US2010/026042

WO 2010/114665

P



PCT/US2010/026042

WO 2010/114665

o




PCT/US2010/026042

WO 2010/114665

o

3
™

TNoNS

oy ond e

N

H
N
B

T




PCT/US2010/026042

WO 2010/114665

957




10

15

20

25

30

WO 2010/114665 PCT/US2010/026042

THE CLAIMS

A method comprising:

using a UV laser to generate a coherent beam;

downconverting the coherent beam to produce pairs of frequency-entangled
photons;

for each entangled pair, sending a first photon along a first path and a second
photon along a second path;

using a first detector to detect those photons sent along the first path and a
second detector to detect those photons sent along the second path, the
detection performed in a single photon regime; and

performing coincidence counting on outputs of the detectors, including
comparing leading edges on the outputs of the first and second detectors
within a time window.

The method of claim 1, wherein the laser is operated in continuous wave mode.

The method of claim 1, wherein the first and second detectors are operated in a

single photon regime.

The method of claim 1, wherein the first and second paths are given the same

effective length.

The method of claim 1, wherein each detector outputs a pulse to indicate
detection of a photon; and wherein the start of each time window corresponds to

the leading edge of a pulse provided by the second detector.

The method of claim 5, wherein sides of the time window are independently

adjustable.

The method of claim 1, wherein the photons are generated in an N™ order NOON

state, where N >2.

The method of claim 1, wherein an image is formed in a correlation plane by
performing a second order correlation of the photons’ complex electric fields

detected by the first and second detector; and mapping coincidence counts as a
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function of the x-y coordinates of the second detector.

A method of tracking an object, comprising using the method of claim 8 to
acquire images containing an object; and estimating locations of the object based

on the acquired images.

The method of claim 9, wherein those photons sent along the first path have a

wavelength for passing through airborne obscuration.

A method of performing surveillance, the method comprising forming images of
the object using the method of claim 8, wherein those photons sent along the first
path are directed toward an obscuration and have a wavelength for passing
through the obscuration, and wherein the photons passing though the

obscuration are scattered by any objects behind the obscuration.

A method of performing nondestructive inspection of an object comprising
forming an image of the object using the method of claim 8; and analyzing the

image to identify any structural changes.
A system comprising

a laser-based system for generating frequency-entangled photon pairs and, for
each pair, sending a first photon along a first path and a second photon along
a second path;

a first photon detector for detecting individual photons sent along the first path;
a second photon detector for detecting individual photons sent along the
second path; and

a circuit, responsive to outputs of the detectors, for counting coincidences of the
photon pairs, including determining coincidences by comparing leading edges

on outputs of the first and second detectors within a time window.

The system of claim 13, wherein the laser-based system includes an ultraviolet
laser and a non-linear crystal for downconverting an output of the laser, and
wherein the first and second photon detectors include avalanche photodiodes,

whereby an upconversion is not performed prior to the downconversion.

The system of claim 13, wherein the laser-based system includes a laser

15
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operable in continuous wave mode to generate photon pairs one at a time.
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