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CDI (ptychography). FE& H CDI Fl45 A & CDI
22 15,16

X BT R BOEIE (X-ray photon correla-
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mic light scattering), &8 i W 5 AH A7 5HGR
FERSAR (FBCBE) A BT[] 1 A G bR, 2 7T 2R EBORE oy
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PO 7B I % S e X By ) A 2 S L
%& [19].

IR b, H24 005 = AOGIREEACER L T /M
JE X G AR T8 (BT 9)) 5L 5 (coherent small
angle X-ray scattering, CoSAXS) % FZuli, tbin
2% [ NSLS-II 4 11-ID, APS i 8-ID-E #1 34-1D-
C, HZ SPring-8 i 20X ULRY, Rkl ESRF At ID
16A . ID10C %%, f#[H Petra III #Y P10, Fi+ SLS
Y X12SA, 92 Diamond A9 113-121, Bt MAX IV
) CoSAXS, & [E PLS-II /Y 9C, * [H &% TPS
1) 25A &, W3 1 ), SEue kTR s 1R AT T
J% CDI, Bragg CDI, 1 CDI fil XPCS.
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Table 1.  Well-known coherent scattering beamlines in the world.

SRRk RERLYEM /keV BT /pm AR i ARSI vk
NSLS 11-ID 6—16 3—10 5 x 10" ph/s@9.65 keV CoSAXS, XPCS
PETRA-III P10 5—20 4.5—40 3 x 10° ph/s CDI, Bragg CDI, XPCS
SPring-8 29 XUL 4.5—18.7 ~1—20 ~10° ph/s CDI, Ptychography
Diamond 113-1 6—35 1 x 10" ph/s@8 keV CDI, Bragg CDI, Ptychography, XPCS
APS 34-ID-C 5—15 ~0.7 5 x 10° ph/s@10 keV CoSAXS, Ptychography
MAX IV CoSAXS 4—20 10 or 100 1.5 x 10'? ph/s@10 keV CoSAXS, XPCS
SLS X12 SA 4.4—179 25 x 10 7 x 10° ph/s@6.2 keV CoSAXS
PLS-IT19 C 5—15 <300 1.7 x 10" ph/s@10 keV CDI, Bragg CDI, XPCS
TPS 25 A 5.5—20 1—10 1 x 10" ph/s@6 keV CDI, XPCS
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radiation facility, SSRF) [ 08U %k X 5} £k )¢ R
2 ol BT A B X 84 W BE (scanning
transmission X-ray microscopy, STXM) 5Z 5 °F-
B (R RE) D/ T X J4H% CDI s
A P, Ay BERIA ] T 10 nm, ¥ T E A
CDI ks AL Sein] . i GIR — W 9R R E
IRl S g A A B 9 KO A T AT I, ROk
BE 30 nm, HAERIERHY 525 keV, it iy
1 x 10° ph/s @10 keV, it} 2020 45, 2021 4
X IR FEARARREE, b E R 5 A BR 2
IR P B R IR R XS 2 e R L i A
X HFER A i T OER E B ST, R L 4
FH I X4, B2 U 4 T Bl i AH AT S
BGOSR vk, BT L Ml 2 /=5 53 PR AR T 5 AR
BRI K.

SEF H T N R AR XA TS S

JEHR LRk, 0 E N EA TR, RSN
PR AL T A 19 A= 1/ A O 2 291, s i
ARG, TEA I B GRS AN A= 1) X It
28 /N U B R ZR 3 (biological small angle X-
ray scattering, BioSAXS) SCH G OL T, 5 & T
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FATAT S R S AR, g 5 S b 1
FI TR N 28 1, ZEARRJUAR 19 2l g B ks
Ry 1| P AE X SRR T SR R S 50 T R Y & e AN
AR BEA R 5 3

2 BL19U2 % 3k #1 F 4T 4% & 5 5L 36
5

ARG A TOEBEIE 24, RS RGBS, Ak
HAE, IABIRTHA RS, RS e < Ndn, BION=S
A AH T, RZ AT ICIRAI R e = oo, 1M

034102-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B 3R Acta Phys. Sin. Vol. 69, No. 3 (2020)

034102

KIS EO T BOCIER & SEA T W Z 18] [/ 20
RS EVR 0 R S 1G4k (bend magnet) . HLEE 4
(wiggler) F1{ % #% (undulator), H:rh i % #8 09 %
SRR SR A /N 290 AR A T R A 1.
A TR SO e
3.5 GeV, /KPR 4N 4.22 nmerad, #E RECH
0.01. BL19U2 A= W1/ Ny UM DE R i i) 537 e %
BETEAR 0 LB, W as K EE R 20 mm, &K
JEN 1.6 mP0l. BL T BB InE a U B 45 )
W5 # LIRS S8, IR Spectra #44: P75
AT BE R (815 keV) T ik 42 B Ao it 4
P 1 AR 2 FF A, IR e i R BT T
NPT, o K O S8 R AR

50 F

40

30

Energy/keV

20

10

0.8 1.2

K1l

0 0.4 1.6

Bl 1

Brilliance/
ph-s~l.mrad—2.mm~-2.0.1%BW !

— N TEMNZSE, Energy Nt T HE&, Brilliance

R v r i R AR AR 28 045 Y BL19U2 ()
X B2 E IR AE LL  KB BE AL 1340 A T 4, 4
% 3 Frgl. i3 3 nTLAE AR 25 T3 B 15/ K
KR, AT R BT K m. R
BT U RO B R AR R N & I
M4 BL19U2 1E 32 47 I 52 0 RE & 4b 9 ' 58
3.15 x 102 ph/s@12 keV@240 mA, 1] DL ft %
o S 0 S R A A AT TR O = 2 R 3.52 x
10% ph/s@12 keV@240 mA.

iEEIR BL19U2 A= /N B YR R 4k i A
JR R 2 i, U5 e R O R A

1020
£ (b)
1018 E
1
1016
1
104 | — 1st
b 3rd
1 5th
0% ¢ 7th
E —— 9th
1010 N N N N
0 0.4 0.8 1.2 1.6
Kl

A FRLSE 300 mA W, ANRIH G s KA T, HEAS 2R R & YO B (a) BEREFI (b) 58 B 20 i

Fig. 1. Calculated (a) energy and (b) brilliance for odd harmonics as a function of the undulator K-value (a target ring current of

300 mA is used).

R 2 AFERAIERN 300 mA B, PG A A SEC SR T A RERE | SERE G R T
Table 2.  Photon energy and highest brilliance/flux/coherent flux with corresponding undulator parameters (a target ring
current of 300 mA is used).
jllﬁT{eH\E/E/ el W%/ K 1018 ﬂu)é-jc’r‘ilrfl/2~mrad 2 104 phj-lslﬁi()%l{%BW ! 10° zf.l?]ﬁ‘%éw !
8 3 0.822 1.535 19.5 4.43 111
10 3 0.654 1.221 12.5 2.80 44.9
12 3 0.512 0.955 6.26 1.37 15.3
13.5 5 0.816 1.523 8.64 1.68 14.8
15 5 0.734 1.370 6.09 1.17 8.34
# 3 BHEGIE BL19U2 Y6 A (12 keV B) B BRI B GHUA T451E
Table 3. Beam parameters of BL19U2 (@12 keV) at the source and KB mirrors.
K5l EO=wan
I FOERER ST 397 pm 26 pm
SR SR 78 prad 23 prad
SR AT 0.48 pm 1.29 pm
TG T 0.15% 7.59%
KBRILER T 107 pm BEEDCIE1.2 m 13w RG34
KBEAAH T 3.36 pm 57.3 um
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(a) Side view
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Detector

Sample
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(b) Top view

2 TS LR A @BLIOU2 SE L RE (o) MIALIE, 38 5 1m); (b) LA, K7 10

Fig. 2. Beamline layout of the coherent scattering experimental modes on BL19U2: (a) Side view, vertical direction; (b) top view,

horizontal direction.

WA S (111) B #8245 (double crystal mono-
chromator, DCM@23.6 m) J&, 345 1 GeH P
2.2 x 107 RO, GERJEE N 7—15 keV;
7K V- f %% 4% (horizontal deflection mirror, HDM
@28.5 m) $24t 6.4 mrad B EHE KW EE M, N
Canted £3i (BL19 Ul #1 BL19U2) 4+ U K14
Hizs[a]; KRS (horizontal focusing mirror,
HFM@31.2 m) 1 5 5 R £ 5 (vertical focusing
mirror, VEM@34 m) 705l F X 4 R LRGN 25
Fum b, DR B R /N U Q 0 BER (Q =
2n/A-sin(20), Hr 20 A, A A X FHEEK);
—2H G HRSE RN DU 4 PR e % FH T BRTRDIG R A
BEAK T VB RGBS 2R 2—7 m K LA 48
/NIRRT AR R G TR A AU 5

A EAE BL19U2 SEBUAH TATHT R L 50
WA ZRARAUETE AN 52 A KA 10/ N F FBR S2  FH P 1)
HUHE R EAT, PR X B R s A B
AR TR R R AL. B FUAE T3 S AR S B
o e PR A OGN A% 1 2k SRAE L 681 PRk, 3
T BL19U2 A LHAT R, 275 BRI 75
BUG SZ 5 i i 29, e IR HFM AT VEM
FEE AR, W R AEBEAE AN 56 m R i 17 Ab $
HIZ 49 m &b (&l 2). MR8 SCHR [30] TR AN & 1

REHL N 12 keV I, SERRARE T, HBDOLIR A
49 m ALK RN B A TN 3.44 pm x
4.76 pm. SCAMAHTATH BUEOGEE BTN 2 R,
il PR A2 55 U0 (%) B B2 B ol /K P i Ly 1) 1
Fed & HUE, IR EAE 3—5 um Y pinhole B
i A G ER, FE R K pinhole BCE ; FE &
FIGEM RIS 6.7 m, R FH B2 A RS A%
W R ZR L, 45 FTE ] Capton BT, @ T3
fift, TG AL AE R BIEINE 3(a) fin, XM
225 pinhole A S EISCI0HE S I, #F 5 AR LG
I @, y ST, B X st —%
FEBIAY A i AEHE, S R s R — s
PIRTHTERE. [ 3(b) sz MBI A 1 IR
S el B4 2% R B ASEERA 2 T Y Flash4.0
(B ZE K/ 6.5 pm, 5L 2048 x 2048, FhATEH
16 bit), pinhole R 4 pm A 3 RAE EE Sl 25
@13.5 keV, Zad AR S AL Py 23 [ S 7 BE R Ry
49 nm. FRMZFTAH E A2 200—1000 pm (1[5 B
Y£°M beamstop £443 HiEGH, B 1kt B S 205
WSR3, T3 = UM MR AE M b R AR AR
WL s BT, AR CT S2mdsk, fw il
CDI #1444 CDI PRS2 geA . Ry 2 m SE IR
B SR B E S 2 8 " KRB RS, R E
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Fig. 3. (a) Schematic diagram of experimental equipment; (b) on-site picture.

(A 50 nm; FHRREIN A ST ZE N ORI R THE,
Hefih A5, SCRF I (fly scan) Bl R B
3.1 ZEEFHENE
3 ELBRERSITN S R FLAL TRE ST 34 mm, FIT 3RO
SPRIRE L AR T S I 7 KB SRR
ST BLIOU2 AL RE X ST TRTST a5 4ok o i B RO 5 S0 64 1
BUEF A /ML (pinhole) A9 IRHE THOKI  SEHLERBUAT WD A ST, RIBATITIREE /M L
SPIRT ASGHE, HEH LA ST IE 4 FFs, 7T LR ST AR ) (3.35 £ 0.01) pm ISR
A AT R B RUAF RO LU, SRR T A 7T (2.87 & 0.01) pm. MUEFSSMAETORRIE, 18

100 100

(d) Vertical
line profile

(©) Horizontal
line profile

Normalized intensity/arb. units

Normalized intensity/arb. units

0 200 400 600 0 200 400 600

Pixels Pixels
K4 (a), (b) RFEAGHOERAMT BT B EFLAT SRR () KA () 3 E05 10 L AT 58 A6 (B (a), (b) @R ALE);
SR B 43 A1 14 S 0 B R
Fig. 4. (a), (b) Measured diffraction patterns of pinhole with incident beam of reduced coherence; diffracted intensity distribution in

the horizontal (c¢) and vertical (d) direction along the dotted line profile in panel (a) and (b), and the intensity distribution are

shown in log scale.
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MU —REMIEEL T, W ASHER A AT L
AR /LA B 23 AR TS B ph v P - e s i
B 24 1 U B B0 ] A,
Ineasured = Icoherent ® G,
r? Az
Gy =ew (-5 ) o=z )
(1) 2 Lcasurea 4 I 453 21 14 177 5 5 J5E 0 A
Teoherent A AT AS A A BT S sk B2 53 A
G R ASHEE AN T B A L 25, © FnERL,
BRI B A7 B TR, o, N AT PR
AR B T ARAE, A SIS, 2 S/ MLEITEN A Y
HERS, cl R A TR,
W R /INFLATT B % o 8 7 7 SR — 9 UL 2R PR B 5 BHLEERREY (2) MITATSTE, (b) Z5HE @A, (o)

B (1) 5, LA KT R (o e
33 & 4(a) FE 4(b) XL F] /N FL AL B A K
B KD 438 (3.16 4+ 0.01) um Fl (2,10 +
0.01) pm, & FH J7 8] 53504 (3.01 £+ 0.01) pm F
(2.22 + 0.01) pm.

3.2 §HALETEE
TEBA MBS OT, RECT /NFLI AT 8

Fig. 5. Coherent diffraction pattern (a), reconstruction (b)

and SEM image (c) of pinhole.

B (I 5(a)), R HIO Ml ER #3k 1 84 4
LA anE 5(b) Pis. SHEHMHE T B E 5(c)
FALE, BFAFLRT HEA — B, FOM 5] i 22 AT B JR T
HAEBRRKOE L (B 75 um) 1 pinhole 7E %
B ALAR T 1] 5 G 5 a1 A A D 2.

(a) 441 (b)  Reconstructed complex object: Amplitide  (c) Reconstructed complex object: Phase
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F6 (a) BRUNES R AR B 0955 441 SKAT AT MR A5 47 5T 14 B @ kol e 540 B () SR IER (o) AEALAR 85 () W F s il A B 45
A 0 PR 58 A L 5 ARG AV S T i A B A SRR Y (e) PRI (f) AH A AE B

Fig. 6. (a) The 441st diffraction pattern collected by the detector; recovered (b) amplitude and (c) phase information of the sample
structure of the Fresnel zone plate according to the diffraction patterns; (d) electron microscope image of the corresponding struc-

tures of the wave band specimens; reconstructed (e) amplitude and (f) phase information of the incident beam simultaneously ac-

cording to the diffraction pattern.
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Abstract

Coherent X-ray diffraction imaging (CDI) method is a powerful X-ray imaging technique with high
resolution up to nanometer scale. Most of the synchrotron radiation facilities and free electron laser facilities are
equipped with this state-of-the-art imaging technique and have made many outstanding achievements in
multiple scientific areas. Up to now, although scanning CDI (ptychography) method based on a soft X-ray
source has been opened to users, the hard X-ray CDI experimental platform has not been built at Shanghai
Synchrotron Radiation Facility (SSRF) which can research some relatively thick specimens and easily extend to
three-dimensional imaging. As some new beamlines with undulator source were put into operation recently, it is
possible and feasible to build up the CDI experimental platform with hard X-ray. In this article, we report the
hard X-ray CDI experimental platform development process and preliminary experimental results of coherent
diffraction pattern and image reconstruction at SSRF. Based on the operating BL19U2 biological small-angle X-
ray scattering (SAXS) beamline at SSRF, the hard X-ray coherent beam is obtained through effective optical
path designation at 12 keV and 13.5 keV. The hard X-ray optimization includes tuning several slits, double
crystal monochromator (DCM), horizontal deflection mirror, focusing mirror system and pinhole, etc.
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Furthermore, hard X-ray CDI experiments are conducted. The spatial coherent length of the incident beam is
also measured from the pinhole diffraction pattern. This platform can provide both conventional mode and
scanning mode (ptychography) for the coherent diffraction imaging method, and the correct image
reconstruction from the experimental diffraction patterns proves that the platform has the experimental
capability for hard X-ray CDI. In the conventional forward scattering CDI mode, coherent diffraction patterns
of pinhole are collected and used to analyse the coherence property of the optimized X-ray beam. The structure
of pinhole is also reconstructed from the diffraction pattern. In the scanning CDI mode, a zone plate is used as a
sample. The central area of zone plate is reconstructed correctly. About 90 nm/pixel resolution of reconstruction
is achieved which is extremely dependent on the X-ray flux density from the undulator source emission. Hard
X-ray CDI experimental platform based on the synchrotron radiation facility is first built in China. It will
provide effective software and hardware supporting for the development and application of hard X-ray CDI

experiments in China in the future.

Keywords: synchrotron radiation, coherent diffraction imaging, coherence, phase retrieval
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