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Abstract X-ray Fourier-transform ghost imaging has the potential to achieve tabletop nanoscale microscopy.
However, due to the limited luminous flux in practical applications, the imaging signal-to-noise ratio is low, which
leads to poor image quality. In light of the binary characteristics of the X-ray modulating screen, this paper studies
the X-ray Fourier-transform ghost imaging using a super-Rayleigh speckle field to solve the above problem. The
theoretical derivation of the X-ray speckle field generated by the binary modulation screen is first carried out. Then,
with the speckle contrast and the difference of local contrast as objective functions, the non-dominated sorting
genetic algorithm with elite strategy is adopted to optimize the design of the binary modulation screen. Numerical
simulation results show that the proposed method can obtain high-contrast X-ray super-Rayleigh speckle fields, with
which the Fourier-transform ghost imaging can be realized. As a result, the image visibility can be enhanced, and
the image quality can be improved especially at a low signal-to-noise ratio.
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Fig. 1 Schematic of Fourier-transform ghost imaging

XoF 3 P 8% 1G4 016 5 K 7 R AT QR TT AR L 2 2
d,=d,+d, i,

(AL (x, sy )AL (x,sy,)) OC
7/7{27&1‘,1[) ZTt(yryl)}

Ad, | Ad,

A A PR FC e ) R il i 2 S ek B0y e
AR, RIE 3 SC I T 55 AT LAAS 2R R 4
FROASESF- T o 5 B T8 A5 B R it 1Y 325 0 R pR
2.2 XAZTIAFREBIFEREE

75 X G B SR & b, X O 28 — i il
Jit 5 T8 U5, 75 1 T AL o3 A 1 9 5 L X
S e AT 0 M. i T e B (el 0
b AT RE S A LB T AL K L A R g (s
vy ESH

2

, (D

1, with a hole at(x,,vy.)
glx,,y,) = . (2)
0, no hole at (x,,y,)

TV i 5 1) J5 2R DE Y AR A 2 B AL

1934001-2



F 41 3% F 19 H/2021 £ 10 B/RZFFR

WAL B SE 7 e A E . 52 2 5RO AL B9t 8

E o D03 ) B J5 2 18 D65
E(x,sy)=E gz sy)+E,[1—g(x.,y)],
(3
Kf:E, ﬂ]E Al H OG5 A BTAE EAE G 28
wEsH, B
E, :Eoexp(ikh)
€Y

E., =E,exp(—kBh)explik (1 —d)h]
K E h ok 4358 A ST X OGRS H0 4R 637 L R i B
B JEE R X G R KN s B 43 i Sk R R B B

SR 1—0+ip MW F A+, AR X
JETBORE ) B . FGT JCHR AR 25K L 0 28 5 9 1fi)
JG Eg M E, WM 2SN o, i st n] .
kSh =, (5)
HACOE W EIF:WIWNEIF-WEZS S T E -
E(z,,y,)=E [1+exp(—nB/O]g(x, y,) —
E exp(—=xB/8). (6)
ZooiA B e X JeTEAs B A AR, B
%(EEMEW\JCT DAAS 31 2 25 08 800 T 1 HBE 3 43
i iE— 2545 2R 5 A ok

I.(x,,y,) = MJE (xesy, )exp{l [(1 — )+ (v, —y)  idedy,| =

/127;7 (—nB/8) g (x,»y,) —exp(—wB/d) Jexp izfdr[(r,—xs)zJr(yr—ys)zj}dxgdyg ,
7
SEMEB A LE C, A AC =max{C,.C,,*.C,} —min{C,.C,..C,}.
C.o= T .y /T (v ) — 1. (8 (10)
AC BN 0 A DI P 75 55 FE BCHE 9 L 1
o) BB R WAL AR Pt ﬁj\ﬁﬁ;;” e
o 2 T 2 B RO B B C, = 1 R ﬁ;fﬁ;ﬁx A min (SCHER FAR AL Y

Voo ooy DT LLRF] C 1 K 8 VR , 3
g Cany ) MTETRE R T bR R I % 18R 2 AR AL

2.3 BImAEKFE NSGA-II & ikigit
TERALE R B X g (2 y ) HEATAL R,
T g (o y OTERUE TR & s W H e 1k
ER 0.1 TTHRW MR G, TfEMIT M5
(s y IXFNE, X G HATIRAL . 35T R & 7 4
T A HCBE S 1) H b pREC . B30 BB ) 1R R DAk
et C > 1 By Fi A HCRE S B 46 B, C, BT AT RE
R A K max{C, MEN HIRREL, BRT C.>1,
78 i ) OB 3 114 3 — A A B3 TN v e BE 1 AR
BETE N BN 22 14 43 180 D3, DR ok Jmy 8 B 3 % L
JEZ 25 AC VBN — A HAn R, B Al DL A [A)

DI o 2 BE HICBRE LU B ) 22 57 0 T £ XL RV
X3 L, J& ¥ H B % H S

o

I

Ko, M 535000 Lorp oo (4 4R o 22 T (E, S
HJ%TWE@V\]%%FFE’J%&&RK@J T2 2 T W n
AN B RN R B DX 5 A XY B0 7
Jai B X L B Cl,CZ,---,C,,,)%%{SX#tKEZQE
AC K

Bk, T2 HEZREMEE LR AHEHET,
4545 B AR A e A Bk 34 A A 1, 2 B AR
foln) 8 — i HRETS 3 — 2 Fe A M 4R O HoaxX Sefif 2
(] TG i — 20 LA BRI B A 25 Mk . FRIXFE ) — 4
fit hy Pareto feflfit"" . £ 2 B br ik Iy i 40
FEIMBCER L ce- 2y STk /N KL 55 A AR 38 1o
S Ak Ry B H b IR) A, FH B R B O R SR A L RIOR
BAK BLXE L5 3 Pareto S f Mt . A H T ax 2654
RN LA RPN Y SR 4 - AR SN AV KN EOR
R EN 2 7 F AR E X R Pareto f L iR 1R A7 #S
Bi. NSGA-1Il /&% T Pareto S LM 1Y £ H b5 1%
B ORI RE TR SRR Pareto S A0 MR EATHEF
#HEHEMA@IU:&&#%/MA& A KA IR HL A A )

JFAE WU 8- T I8 26 5 T H A5 25 ] o i i DX 3k 7
/\MK,IJH: NSGA- I 7] LAFF 2] 5345 ¥ 51 9 AE 25 B AL
fi LS R SR NSGA- 1 353 = 7t 98 i 57 52
B X LB ) 8 B R HOBE 37 L S AR AN R 2 B .

B R, B TR G O T E L R
i g b5 07 X G AT g i = A4 0 oK 1 Rl
BLAS A B A, A ) B Rl RE S X T A A Al S i

1934001-3



F 41 3% F 19 H/2021 £ 10 B/RZFFR

HEPF 6 2 73 2 AR UE A R 254 HE 1 3 3 i T X
[F] — 22 (8 PR T 5% B8 LU B0 08 7 R AT HE  » PRE
FIRERY 2 R 38 5 B b P88 R 3 W Y K 7 HE
J AR S B AR B AR B RE B A SR 2 B
WSSO Z T S B AR O T ARIERR
HA AL 75 A AN 22 g T o R RS SE 3w 5 F L
FACACARE 1L ACAR R B8 A0 75 AR AT LA A4S 1A
e 5T A T — A0, B L ERAE, kAR
T RBV R RUHL T . WRRLZ AL FRER SR — 2T
A A AT R 1 ik 5 Ry e LA

start

initialize population

l
T=1
J

l

non-dominated sorting

i)

select parents

combine parent I
and offspring
populations

crossover or mutation

I

generate a new offspring population

L
T=T+1

S

Y

2 NSGA- Il 5k w2
Fig. 2 Flow chart of the NSGA- 1l algorithm

3 BfEAU

3.1 NSGA-1I 8% 7 &£ 1Y 8 s F 80 BT 35
B 1 nm 1Y XOER ] R 7 i i+ /9
] ) B A URE Bty R EBCBE g . R B A T O 4 AH B
RMEIHFE1-—0+igHo=1.457X10°,8=
5.145X10 ' B ERFLR SN 2 pm X 2 pm,
i B ) B 1 G IRRST S 50 pm X 50 pm, I ] R
FIRESAIIEES =3, 5 e FES BRI R BRI B ol , =
7.5 cm, P il BE BRI A FE S 4, =11 cm, W 2
d,=d, +d,, M@K R R 44 pm X
44 pm, J§ NSGA-TT 534 Ak, 90 46 19 B BE 42 5% 50
AL AR 0.8, A8 RN 0.1, AR K

UHL T =50, H AR R ECTT I 5y 58T LY BE 2 22 Jr
XA n =3,

¥ H Pareto S fif i i x5 i F§ NSGA- 11 & it
P B B AT UL . B 3 AN RECT
B Pareto Hij iy . B XN T Pareto f I fig #) H rp
— AN R R AR B A BRSPS H AR R AC
FLC, o BT AR R B0 0 A5R B T A AR B 1Y
Pareto 5 fIt fiff BTV » 24 3 26 450 43 A B 2 &) W% 252, 16
W AR A ) 2 PR PR R A . NI rpnl DU L 25 AR
BH ] BF Pareto S A0 f# 5V 1) AC W8/ . C, 8K
FAC 1K LC, W/NFEAS T ) 48 i, 158 BT 3 P 1 o
B e A0 A7 72 A B 20 3 AS G TR A Ak 3 fe K (S
NSGA- Il A3 T 2 A ol 17/ . Bl &R
HOn B et R 0 A A B 2, HL g A a4
SRR 5], 4y AR T AR T SR A i 2 R
P, AR i FE b Pareto f A0 AR HT YT A C, 84K
(49 75 1) 4 i, U B NSGA-TT 1T LB w5 8% 5 3 1 4
LB .

0.7
+# iteration=10
0.6 t iterat@on:30
05 iteration=50 /
$*
% 0.4 +
0.3 .
+ vy
0.2 * oy
#*
0.1 o
0— * * *ﬁ
1.0 1.2 14 1.6 1.8
Cl'

B3 AR AR BCT 9 Pareto S ff i i HE
Fig. 3 Pareto optimal solutions at different iterations

B Pareto S5 PG i wir iy 04 3 o — A fi 247 43 7
XoF I ) 3] i e R i ) FRCBE 37 O 5 40 A A 1B 4 ()
(DR E AC) A XTI, 0t
T M BB ) 6 R S B 4 (o L (D s fL
Bl BIL 5 A A4 9 51 5 K XoF IO A9 s ) HICBE 3 % L
X IRAC LA A . Eif A BT 37 52 B4 22 HL 5 J) [l g
1 DX OG5 22 5 OR K G C, =0, 9815, 8 %y Al
FCBE 7 ) s 4R v T — AN EOBE L 3 26 HCBE B 5 L R
RS2 W Co=1. 7364, DAk 45 3] i 4 5 )
OB 7 38 3 K s 2 v T D BUBORE At X 0L iR
YN PR T 58 I X ) 6 =2 25, SEHEL T X B BE 1
iR Y =

R T HCBE 3 O 5 43 AT ABCHE — 2D U B L X 4
(b) (D) #EAT SO 5R T —fk = 1 3% B HE o A
PRE AN A 5 () TR, B AR AR 1/ <1 ot 5 o5 7

1934001-4



MR

F 41 3% F 19 H/2021 £ 10 B/RZFFR

B2 A AR P (DD Ry X B E R A . BT
SR AT R PE AR [ L D0 AR S 8 S R BCEE 3 1 0t R e 1
AN 5] T 5 A RCEE 37, DA BT Hhon] DU H S 3 ]
BE37 058 A SR (1 /<) <0, 7) By X 38l A1l 58 A0 X
L/ D) >5. 1) DX 38 A % 4 A R B0O(E K T B
FIHLBE S , PR 5 AL TE W &,

R4 BBCEE 37 43 A 1T LA 43 B 8 it 1) HCBE 3 6F G 1B

BUAG AT UL EE RS2, SCIBE AR Y AT UL R Hy BB

— AL Hr Glauber pREL g Y U6 {H S B, L 08 {8

O AL R TS T DD s At £

I — Ak Z B 1B ek 80 H T 5 A 08

I (x,,y,)1,(0,0))

(T (e, sy ) CI,(0,0))°
an

g (x,5y,;0,0) =

B 4 Ak s B9 — oo JE 60 5 A0 BE AL o> A 00 —C TR H 545X . (a) NSGA-TL ARG 19 — Je T 41 5t 5 (b) /1 (a) P22 1
8 B F BB 5 (o FLBEML 20 A6 59 = Jo i 5% 5 (D i Co) 72 4= 19 33 1) BT 3%

Fig. 4 Comparison between optimized binary modulation screen and randomly distributed binary modulation screen.

(a) Binary modulation screen optimized by NSGA-1l ; (b) super-Rayleigh speckle field generated by Fig. (a);

(¢) binary modulation screen with randomly distributed holes; (d) Rayleigh speckle field generated by Fig. (c)
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