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Fig. 1. Schematic diagram of the experimental setup.
Reflect mirrors, M1 and M2; lens, F1, F2, F3 and F4,
with the focal length and the aperture size (25 mm,
25.4 mm), (25 mm, 25.4 mm), (200 mm, 50 mm),
(180 mm, 80 mm), respectively; camera, focal length
f =50 mm, NA =1:1.4; GGD, ground glass disk;
P1, adjustable aperture; BS, beam splitter with a re-
flection to transmission ratio 1 : 9; IF, interference
filter with the center wave length 532 nm. The object

is a high reflective pattern.
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Fig. 2. (color online) Experimental results: (a) Pho-
tograph of the object; (b) the speckle pattern of the
light source; (c) auto-correlation of the speckles with

the measurement M = 5000 times.

3 EipEA

3.1 PLIAREKEX

O T B (O ST 1) 0 T P 2 BB
Y, BEBS 2 AL b T A OB TR,
HRL4 5 07 50 A B b T A I
4B B 5 2 5 M T B AT . OB I R
S0s ~ Az/D, Ferh D g BEHE b HOGREALAE 4
R, TIEEAE T HR 6. ~ A(z/D)%. S H
T K B — W SR KO G VAR T ], %
R 5 AR D058 7 20 R T 2 P R A B
TRBEMAR B T . R BN,

PR A EN A A, HREE 2 5 ORI S
. ASegeh F ik B O AR A R 2t 4
ORI Eh AR E S A, LA T K
B 6, ~ Ad/L, Forh d i BRI B,
LA B R, o BB S B 45 % 1.
FRAE S 00 2 50, TR 6, B BCRE T4 OBk DA T
RoF, 6, B BT RO A A, R 2 (o).
BT SR A 1 00 B 4 R 5 B 2 )
B ARSI A ) T RO 2 BS 4 ok R
A% 512 % W COD MIBLAI & 1E HRRAIIA, 755 10
U VAR T P B OREI 7 25 ) 5606, 4
BEATE 5 % 400 B 03 236 I (), U E BRI
RTTHGTHRE7 5 2 BEH: Ty(an) = alp(x),
o A TE AL 2R 75 BRI LR Rt 2
HEON T(z), AR a5 (S

IB:/AIb(wb)T(w)dw, (1)

Hor, R a N7 AAR, A UREERI 5 AR 23 .
TR 2% A T BT R ) S S5 5 9 RIRAR S AT A,
WEMEEIER, A RPN, ik
T, A KT EEE TR BRI KN, — et
H b5 S5 e 7R UR B RS B8 T IE R, A
PRI 8 PR 0T RURE S RS AR SR DN 5 P L

BOCIRH A, ZRME T )5 (Ir(x)) =
(Ir), HAr () WAL, I THMEN

(I) = (Iy) /A T(z)dm, = ()A,  (2)

b, SRR N RN FON 1, ARSI 305 0,
] A ST A R EAR. AR a3 98 T SRR A
X, B I () M H bR S5 T Z RGN

(T T () = / (To(@o) I (@) T (@) dzy,  (3)

A
O, SR 5RO
(Ip(zn) IR (T))
= (Ip(z)) IR (2))[1 + |g21,22(n, )], (4)
HH, g1 0(zn, @) = Ty () In () RNIHIE 21

22 T, 2% R AL R A o, 1 75 55 B 3 60— 0
LB . T I B VR R G R W R T
(15635 5 2 5 BRI TH % L ST &, B T LA
Az = 21 — 22 = 0, TiHRYE BOEA S 5, B A
TKE Ax = x, —x ~ §,. EAMAEHET R
BB R~ WA [ga.(8.)2 = 1, HF R4
lgaz(Az > 6,)|* = 0.

224208-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224208

(Rl ¥ 57 BEBH 26, 4 (2) A
SEJE B RS B

(IplIr(z)) = (Is){Ir) + (In)(IR)

/ |gAz Th, L

T(x) ® 5(Az), ()

(5) N2 —WONER T R 58 UL+
RS R RS T G AR, AR
&, B IR LT A S S A B S Ak L T R KL
O(Ax) (B, @ NGRS, —HrmB R A
AR TS SR I, A S PR S0 7 3 R BAR 15 1
FLARAIK.

N RERARAE e b, AT 72 T — Ee i
R ARSI Horh R RS QIR A T MR 4F
MoK B (4) NP S — TR TS 5. AR 9 B k& %
R BB A v BT A (1) 2K

(4) 3, Jeiz

wb)d:cb

AGE) () = (I — (In))(In(x) — (In())))
— (IeIr(@)) — (Is) (In())
=@wm/wmmeﬂ%m%
A
T(x) ® 0(Ax), (6)
o & @K@?éﬁaé%izzhﬁm SRR, AT b
EARRE

2010 4F, = OKFI %% 52 tH DGI &k 1), 24y
SRR S T 5 K VR SRR BEUL, MRS v T
BRI A5 e b, 7EDGIH, = 1) BAE 2 1k
RO GES) R T(x) 5 G R T HEREME, B

8T (x) = T(x) — T. MW DGIHL:
26k (@) = ( (1 - 2 R) tn(a) ~ ) )
— (nln(@)) - ) (i (e)
oc 0T (x) ® d(Ax), (7)
He R = /IR(a:b)dw. 20134, H N R4
A
2 AP0 8 T R % 4 S R 1 B o

(time-correspondence differential ghost imaging,

TCDGI), K E48 T DGIRIFHE &=, AR
mm:%$mﬁsB—m—§;Rm B R
B, SIS AUR L.

(I (@)|6Ss) + K}, {15 (2)[0S5 < —K}.  (8)

Hp K NIEHHK € [0,|68s]]. MHASHEENZS
RN EE T 15

TCDGI = I} (z) — I (z) x AT(x). (9)
TCDGIH L GFab 2 AT RERZ 5, B LK
BRI A, JF HAEA RSB ER L R B LT,
I A B s o B R X — R
N BT AR R T AR SRR S —H
7 BT B 1Y VL2 e 48 KN (compressive sensing,
CS) &%, £ 2008 - 3£ [H 3 B (Rice) KHAELE
FEHIGUE T —Fh ST CSI vk, B EEAR AL TS
L PO ERRI, BT B A UM S
ERCHLEG I E . FF i~ B

Y =¥d0 i arg min|/@];. (10)

EP RN S E R E Y N T Ig — RPN E
{8, v AN LR, 00 = T(x), 0 A
TR, @ AEE T (x) KIMEAE.

3.2 BTN

A SEI6 v AR AR 4 R HT SPD. SPD R 8 7]
IEE 1071 ge R B, FI A SPDIE MR ES, X
HUE B BT ZHEMN T LEART. £&
THRM A, SPD Xt H 37 IEARHE 7> B (e, t) e~ w0t
N, J6HERAE A

i) :/de”T(:c,t)E’(m,t>, (11)

o E(x,t) = E(x,t) + VI-nE(z, t)
Ey(x,t)eTiwot) FoRHER, Yy < 1, A%
Bt R T ;Fi“?}”ﬁfﬁ%{;m( ), X2 BRI '?
Z MR R A X . R, #1375 B ARk 40t
&%ﬁ% iﬂlT( ) A AR S I H3

mb, \/mE mb;

1-— nT(a:b)Ev(xb, t), (12)
T DA SRS 3D B IR AT RO 2 4R
() = [ dalE @B @), (13
2 2% 155 ) 28 FIR 1 0 25 7 % ' VR B RF 1Y TK 9E
FREL:
(NF(1) Ai(1))
=q%{/memw@Wm¢nmam»
x 8(ty —ta) + ¢*n? // dedx,T ()

x (BT (@p, t1) BT (2, t2) E(zy,, t1) E(2, 1))

224208-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 64, No. 22 (2015) 224208

— (B (@, t1) E(@y, 1)) (£ (2, t2) B, 12))],
(14)

Horb Ad(t) = a(t) — (i(t)). (14) 35 T4 AT BEA
1, BT 7 AT DL B BRI Bk 3 £ 5B,
WA SRR 4 80, MR ] g, St s ifi s
R BT 7 2 563 Ve B DIAR O, X2 & T
355 MBI AR X, 2T 2 ok
X ).

T B, X TIRPO6, A At ]
WOETFTHEUE R n, W n oci(t) At AL, #

(An(t1)An(t2)) oc (Ai(t1)Ai(t2))
x (AlgAlg(z)) = AGS) (x), (15)

HAr An(t) = n(t) — (n(t)). (15) R [FE R ARIE T
5), (6), (7), (8) F1 (10) 2B
4 ZERZERGHM

AR A5 2 “ BT RBRRR h A 2 18] 7 7%
REZ1, RAERS 2 H AR ik St (BOE S JefE 5 20k

FERIERMES . BARMRIRIN S50 4 T A —ME R,
RIER “BT7 GRS —. RS B e
RURCPRAE, S b A AR I A 5 ER I T AR 3
BRI B IR, EBATH R R 2
0 = 1.22% = %, (16)

Hp, DREHRSE, NA = D/ f AEEILE, 38
2SO AR K T B BRTH AR 6. AL
DSCHE TR A, A T WA A e R R R 2
BOLHAR K ER.

K —Hed =1 mm EREEAE N g5 H
Ji, TBAENSCER B Sk AT, AR AR #E e,

Ig = Ipe "%(1 4 cos? B), (17)

A, BB, o OGSO 2R R ik
F2H, AU TR, 1o 7 8 = O BUR DGR,
DRI, [ 3 e AR TR e A T AR 15 2 20, % T ik
N TR T R 4 005 R b, SRIG AL 1 AH B
Kk, 183 (a) RBCE 59 BN A5, ASBETS B,
171 750 B P T Y B 5 1 3 (b) W7 ATE ARG BRI 1
FRIRR SR B, RS RS BB ARTT.

3 SIRER (KRN EHIIN M = 5000 X))  (a) PR CREBE N B GL IE BN BUS, (b) GIHEN R
HER, (c) DGIHIEX M EER, (d) TCDGLHIEN MK HEEIR, (e) CSHEXMAYEER, (f) CS Sk R EEE

(RS ot — A8 S O AR )

Fig. 3. Experiment results under 5000 measurements: Panel (a) is the GI of the object without using the scattering

medium; after put the scattering medium into the path between the object and bucket detector, images are obtained

by different algorithms: panel (b) is retrieved by conventional GI algorithm; panel (¢) is retrieved by DGI algorithm;
panel (d) is recovered by TCDGI method; panel (e) is recovered by the CS TVAL3 algorithm; panel (f) is retrieved
by CS TVALS3 algorithm, but with partial of the scatter medium in the light path.
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Fig. 4. The number of photons n counted by single
photon detector as a function of mth measurement in

each millisecond.
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Abstract

“Quantum” imaging is such an technique that the total light intensity transmitted through or reflected by an object
is collected by a “bucket” detector, which generally is a photodiode with a collection lens in front and with no spatial
resolution, and an image of the object can be retrieved through the assistance of another spatially correlated reference
beam which does not interact with the object. In this paper, “quantum” imaging scheme is investigated, instead of
using the conventional linear detector, and a single photon detector working in a photon-counting mode is used as a
“bucket” detector, which is the most sensitive detector in the present. It is experimentally demonstrated that “quantum”
imaging illuminating by pseudo-thermal light can be retrieved through using the single-photon detector working in the
photon-counting mode, and the averaged power received by the “bucket” detector is only 2 femto-Watt. It is also
experimentally and theoretically demonstrated that the image of the cooperative target can be recovered through the
wake scattering medium, which cannot be realized by the classical imaging method. Furthermore, it is found that the
wake scattering medium has the potential application in reducing the size of the collection lens of the bucket detector, in
other words, enlarging the field of view. Besides, “quantum” imaging recovered by correlation of intensity fluctuations
and compressive sensing algorithm are compared, and the most effective ways to retrieve the image are discussed. The
scheme of our experiment which is different from the traditional ways, offers a novel method to make the “quantum”

imaging technique step further toward its applications in wake light imaging or remote sensing.

Keywords: “quantum” imaging, cooperative target, single-photon detector
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