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Abstract The ptychographic iterative engine (PIE), a recently developed lens-less imaging technique, provides a reliable
access and solution to the phase problem. It has superior convergence speed and accuracy compared with conventional
coherent diffraction imaging technologies. PIE is used extensively in various imaging and measurement fields owing to its
unlimited field-of-view, high resolution, and high robustness to noise. In this review, we discuss the background and
principle of PIE and summarize the major technological advances. The primary milestones of PIE in X-ray, electron, and
visible light over the past decade are also discussed. Furthermore, we also elaborate on the latest PIE-based techniques
and potential future developments and challenges.
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spherical illumination is adopted; (c) three sub-diffraction spots when a non-spherical illumination is adopted
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Fig. 3 Optical path diagram and reconstruction results of radial translation multiple diffraction patterns phase reconstruction

technology. (a) Schematic of radial multi-intensity CDI with ER algorithm; (b) one of recorded diffraction patterns; (¢) modulus

and phase of original object; (d) reconstructed object; (e) changes in reconstruction error with number of iterations for different

overlap ratios
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Fig. 6 Self-positioned scanning illumination optical path and reconstruction results”™. (a) Schematic of self-positioned scanning

illumination method; (b) (c) amplitude and phase of reconstruction specimen
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Fig. 7 Schematic diagram of divergent electron beam illuminating crystal”". (a) Change in illumination angle before and after shifting of

probe; (b) kinematical diffraction of electron beam
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Fig. 8 Reconstructed phase with different probe mode™. (a) Static sample with single probe mode; (b) vibrating sample using square

wave with single probe mode; (c) vibrating sample using sine wave with single probe mode; (d) static sample with five

probe modes; (e) vibrating sample using square wave with five probe modes; (f) vibrating sample using sine wave with five
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Fig. 9 Optical path and reconstruction results of single-shot PIE multi-beam illumination based on grating”". (a) Setup of grating-based

single shot PIE; (b) recorded diffraction-pattern array of a bee wing; (¢) amplitude of reconstruction specimen; (d) phase of

reconstruction specimen
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Fig. 10

Optical path and reconstruction results of single-shot PIE multi-beam illumination based on pinhole array””. (a) Single shot

PIE setup with pinhole array; (b) reconstructed amplitude (top left) and phase (top right) of object, and reconstructed amplitude

(bottom left) of probe, object measured by conventional microscope with 10X magnification(bottom right)
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Fig. 11 CMI™. (a) Schematic of CMI method; (b) recorded diffraction pattern; (c) amplitude on the entrance plane, dashed square

shows support constraint; (d) amplitude of sample exit wave; (e) phase of sample exit wave
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Fig. 12 Reconstructed results using I"* as Fourier-domain intensity constraint™”. (a)-(c) phase; (d)-(f) amplitude,

where (a)-(f) correspond to n=1, 2, 3 respectively
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Fig. 13 SR-PIE™. (a) Flowchart of SR-PIE algorithm; (b) analysis of high spatial frequency contents reconstructed by SR-PIE, in which
the left figure is the recorded diffraction spot, the data in the square area is used for light field reconstruction, the middle figure is the
result of SR-PIE reconstruction, the distribution outside the box can correspond to the actual record, and the right figure is the error

corresponding to each pixel; (c) left and right figures show the amplitude distribution reconstructed by PIE and SP-PIE respectively

Pan %R I T —Fhon] U BRI AR S p(a,y) BRGT AR g (oo, y) BF L AT 5 1 B = A i S 9 A3 5
It BRE A R DX 330 B S, 25 2 L 720 A 0 DX Il it 2 JEBE E (e, 0) AT LLE ARSI G (u,0) FURBIE A
ST AT RE A BEAT WG R AR B Y BRDE AR BE RS P(u,0) IR, B

exp(j/ez)

e exp[j;z(uz + vz)}ﬁ{g(ﬂyﬁ(l‘d)em[]‘2/1(12 erz)”Rect(u, V)=

[G(u,v)@P(u,‘v)}Rect(u,‘U)ZUJG(&,,@)P(u* a,v*ﬂ)dadﬂ}Rect(u,v), (21)

E(u,v)=

k
A Rect(u,v) F R EBEE I 48 258 A LAEH ;P (u, v)= Wj/(libz)exp[jzi(ll%z)}z{P(l y)“l{ <x—|—y )M
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DX, 8 /N T 2 W (o) R AS ) 46 VR B2 () A7 56 6 B (55 247 ) T A 45 5 1 USAF 1951 b ol 53 B 56 S R 43 A1, JE e i 1

A7 X IS B A5 5 G B, 478 P A 5 6 4 e x mOR A
Fig. 14 Principle and results of partial saturated diffraction reconstruction™. (a) Convolution operation between G(u,v) and P(u,v);
(b) resulting diffraction pattern E(u, v), the gray corresponds to saturation area and its width is smaller than 2W;

(c) reconstructed USAF1951 target using datasets with varying degrees of saturation (bottom row), top row recorded

diffraction patterns, inset is close-up of group 6 in USAF1951 target
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15 SXDM Ay # A1 Ry FT 25 5 . (a) o T 35 26 A 1) pychography 5 #4552 (F7 ), 22 1 R o 4 22 BEUR A2 1 iy R I 3 % He
P55 (b) 7K B Pk 8 4k A BE AR 1 ptychography B8 45 5 (A2 18] , 5 72 1 bk ic DX S0 o A4 i 138 (A7 1) RIS (7 T ) 1

Tiéﬂ] %ljlu EE] [96]

Fig. 15 Typical applications of SXDM. (a) Ptychography image of freeze-dried D. radiodurans cells (right), top left is differential

phase contrast image, bottom left is dark-field contrast image'”; (b) ptychography image of fossil diatom sample in water

window (left), detailed view of the amplitude (top right) and phase (bottom right) corresponding to the marked area in left
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AN 0 B S T AT T 22 2 555 AR 8 A R i 2%
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ARATS SR AT LA FRAS 5t 4k 9 1= X LU B 3D 4548 o0 A 1 . AH
Fo T B A0 Wigner Jx ¥ LR LY 3T
ptychography B 5 % 2R I A B 4 ™4, B s H
HIUAT 09 X 5 2 W 2 4348 7 e o T 16 (2) TR 1Y
T 456 #% , Dierolf % £F 2010 4F 1 W B T 2 T
ptychography #9355 7 )2 54l iR (PXCT) By Al 471 o

subfigure

[96]

X FLICHRZE L — A EHA N 2. 3 pm /NLJE B B
FE AN SE B A0 4 1A B O O R T AR 1A T 2 A
R AR T P 0 2 0 5 R R A, R 180° JiE
ey, PXCT F M = 48 %6 BRI 4% 10 5% 58 % 09 41 56O
BE, [w] s A0 T PTE 5303 ot H 4> 3805 0T 107 1) 30 R B
ZERE 16 (b) fros , Ky B ic m 7 M OE RS .
T Lk 2D EwEAR AT A AL 2 H S
AT DL g AR 0 3D S a0 A o D A B Y
B3k FE & 3D a3 A LR 16 (o) 1 ol DLV 28 B 21 5
O MR OBROFD A R B B N M 4 . R R T
ptychography 1) — 4k X 5t £k U180k B 7T LA3A ) 10 nm
A TR S0 A R R, PXCT AT 3k 21 09 52 bR 43
PERBAR T IZE S . HATH A PXCT #4419 3D &
25 () 43 HE RS2 16 nm ™,

16 PXCT"".(a) PXCT M98, (b) M ptychography $C46 55 #1948 52 45 5, Z2 R A, A7 ML 5 (o) i e A I 22 4 il J 1
3D VE B, C AL J3 5 X 2 B 20 Al A B A i /N4
Fig. 16 PXCT". (a) Experiment setup of PXCT; (b) reconstructed projection images from ptychographic data, left is amplitude, right

is phase; (c) 3D rendering of tomographic reconstruction of bone sample, C and L. represent osteocyte lacuna and connecting

canaliculi, respectively
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Fig. 17 Validity of SXDM with spectroscopy. (a) Reconstructed amplitudes and unwrapped phases of a mixture of PMMA and SiO,

from five ptychographic data sets recorded at different energies, two curves are respectively experimental absorption spectra

and calculated phase shift of PMMA",

(b) X-ray microscopy of partially delithiated LiFePO,, top is optical density maps from

STXM (left) and ptychography (right) at 710 eV, bottom left is phase distribution from ptychography at 709.2 eV, bottom

right is composition map""”
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Fig. 18 Application of SXDM in wave diagnostics'”. (a) Reconstructed wave field in focus, amplitude encoded by brightness and the

phase by color code; (b) scaled amplitude to highlight weak sidelobes; (¢) horizontal slice of wave field along beam direction
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SO, AL AR 37 5 () A7 FIEAT AL AR 14 5 PR 48 s 43 7 X L, 476 180 43 31l 2 o A3 75 9 Ronchigram A - I0 - A X 40058 B2 43 A

Fig. 19 Wavefront distortion correction principle and results™. (a) Retrieved wavefront deformation at exit plane of lens after

subtracting an ideal spherical wave; (b) model of SiO, phase plate used to correct phase distortion; (c) contrast between beam

caustics with and without phase plate, insets are respectively Ronchigram at the dotted position and logarithmic intensity

distribution on focal plane
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Fig. 20 Ptychography electron microscopy imaging based STEM """, (a) Schematic of ptychographic electron microscopy using high-

angle scattering, probe was scanned across the specimen using the microscope scanning coils; (b) diffraction pattern, central

spot is bright-field intensity; (c) same diffraction pattern as (b) plotted on a log-intensity scale; (d) ptychographic reconstruction
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B 21 3k X I ptychography JFUHE K T g 45 1 (a) 2 T 16 5 X I 19 Ptychography %3k 6 R 2 18] (b) 31 #2459 21 B9 (0 AR A7 14
H R 100 nms (o) B 21 (b)) b e i) 2 68 DX 3 ) 458 v 4R 1, 468 g 6 19 TE] 1R 27/ 100 rad
Fig. 21 Selected area ptychography principle and reconstruction results”™. (a) Schematic of selected area ptychography; (b) wrapped

phase image, scale bar 100 nm; (c) contour plot of marked yellow area in Fig. 21(b), contours have a spacing of 2x/100 rad
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Fig. 22 Multimodal PIE technology"*".

(a) Modes and effective sources of four sets of different partially coherent wave fields, in any

set of data, these modes are orthogonal to each other and the numbers above them represent their contribution percentage;

(b) specimen phase reconstructed with 16 modes; (c) reconstructed phase with a single mode
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Fig. 23 Schematic diagram and reconstruction results of electronic Ptychography and 3PIE measurement of 3D structure

[142]

(a) Schematic of 3D ptychographic electron imaging, grayscale image in top right is TEM image of CNTs and red box

indicates region where the ptychographic data recorded; (b) reconstructed phases at six positions along optical axis
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Fig. 24 Schematic diagram of CMI based diagnostic setup in high power laser system""”!
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Fig. 25 Wavefront measurement results of high power laser system""”,

(a) Recorded diffraction pattern, inset provides more details;
(b) retrieved incident wave on plane of phase plate, left amplitude, right phase; (¢) calculated intensity distributions near focal
plane, distances between all adjacent planes are 4 mm; (d) obtained 3D focus intensity distribution; (e) reconstructed near-field

amplitude after placing a USAF 1951 target in front of focus lens
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Fig. 26 Thermal distortions of high-repetition-rate laser amplifier measured with CMI method""". (a) 1 Hz; (b) 5 Hz; (¢c) 7 Hz
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Fig. 28 Measurement results of CPP"". (a) Photograph of CPP with 310 mm diameter; (b) CPP design value; (c) measurement result
of ZYGO interferometer; (d) wrapped phase distributions of CPP measured by ePIE; (e) unwrapped phase distributions of CPP

measured by ePIE; (f) comparison of design value and ePIE measurement result along midperpendicular
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Fig. 29 FPM"". (a) FPM setup; (b) one of recorded low-resolution intensity images from a 2 X objective lens in FPM;

(¢) reconstructed high-resolution phase image; (d) digital holography result with a 40X objective lens
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Fig. 30 Reconstructed full FOV high-resolution image of blood smear (middle), insets show sample images and pupil functions (or

aberrations) of five regions!
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Fig. 31 Single-shot FPM optical path diagram and reconstruction results

U9 (a) Setup of grating-based single-shot FPM; (b) recorded

image array shown in log scale (left), normalized (0, 0) order subimage (right); (c) reconstructed amplitude (left) and phase

(right) of bee wing
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Fig. 20 Optical path and reconstruction results of beam splitting coding method"™”. (a) Schematic of coded splitting imaging method;

(b) phase distribution of designed pure-phase CSP, inset in top right shows close-up of region in red square; (c) reconstructed

amplitude (left) and phase (right) of bee wings
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Fig. 33 Reconstruction analysis using PCGPA and ptychography algorithms'

191]

. (a) Reconstruction error ¢ using PCGPA and

ptychographic algorithm; (b) reconstructed pulses by PCGPA and ptychographic algorithm, signal-to-noise ratio is 8 dB,

20 dB, and 40 dB respectively; (c)(d) examples of pulse reconstruction from incomplete spectrograms using ptychographic

algorithm, first plot is incomplete FROG trace for reconstruction, second plot is reconstructed trace, third plots and fourth

plot are amplitude and phase of reconstructed pulses, fifth plot is changes in error & with 7, 7 is ratio of the number of pixels in

incomplete trace used for reconstruction to the number of pixels in complete trace
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