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Broadband ptychographic imaging with an accurately sampled spectrum
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Ptychography, a lensless imaging technology with large field of view (FOV), has been extensively developed
in the past decades. However, the demanding coherence of the light source restrains its application in the field of
ultrafast imaging, as short light pulses have broad spectral bandwidth and thus poor temporal coherence. Here, we
demonstrated the implementation of ultrafast imaging with large FOV by monochromatizing the polychromatic

ptychographic diffraction patterns. This scheme relaxes the requirement of bandwidth and successfully realizes
the millimeter-scale FOV imaging using ultrashort pulses, while maintaining the good spatial resolution of the
order of diffraction limit. Due to the use of a precisely sampled spectrum, the illumination information can be
accurately captured allowing more reliable imaging process. Experimental results show that satisfactory spatial
resolution can still be achieved even for a relative bandwidth up to 20%. Our work demonstrates the potential of

ultrafast diffraction imaging with a large FOV.
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I. INTRODUCTION

As a scanning coherent diffraction imaging (CDI) scheme
with a large FOV, ptychography can reconstruct the in-
formation of an object and probe simultaneously and has
more easily determined prior conditions [1-5]. Nowadays,
it is widely used in high-precision structure measurement
[6,7], surface topography detection [8,9], and beam diagnosis
[10,11]. Because of its lensless structure, it can be perfectly
applied to extreme ultraviolet (XUV) and even the x-ray re-
gion [12-14]. However, like most optical microscopy imaging
schemes, the narrow bandwidth is a necessary presupposition
for CDI [15]. Once the bandwidth becomes broad, the effect
of different wavelengths is that the pattern becomes blurred
and a lot of effective information is lost [16—19]. The high de-
pendence on bandwidth limits the applicability of this unique
imaging technique to ultrafast imaging [20-22].

Recently, several groups implemented CDI using poly-
chromatic light sources [23-25]. Abbey et al. proposed a
polychromatic phase retrieval algorithm to successfully re-
construct nanoscale samples with high resolution using a
broadband source. This approach, dubbed “polyCDIL” re-
quires a priori knowledge of the power spectrum of the
illumination and the initial support and the theoretical up-
per limit of the bandwidth can be 11% [23]. However, as
a single frame imaging scheme, the FOV achieved by poly-
CDI is rather limited. Therefore, ptychographic imaging has
been an possible solution to fullfill large FOV incorporating
polychromatic light source. Batey et al. proposed the pty-
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chographical information multiplexing (PIM) in which the
contributions from multiple probes with different wavelengths
can be separable within the ptychographic data set, this allows
one to recover the spectral response of an object with both
spatial and spectral resolution [26]. Very recently, Rana et al.
reported an improved version of the broadband ptychographic
algorithm SPIRE that allowed the simultaneous reconstruction
of the spectrum, probes, and objects at different wavelengths
[24]. In this work, only 17 probe modes with different fre-
quencies were reconstructed experimentally. Increasing the
number of modes not only requires heavier computation but
also may lead to theoretically unsolvable phase retrieval prob-
lems [27-30]. Therefore, in both polyCDI and SPIRE, the
spectrum of the broadband light source usually requires being
sparsely sampled and the missing frequency components may
cause error during the phase retrieval process, which greatly
limits its application in spectrum sensitive measurements.

The previous methods generated a polychromatic diffrac-
tion pattern from the monochromatic diffraction pattern. The
reconstruction will be successful if the iterative phase re-
trieval converges while satisfying the intensity constrain.
Recently, Huijts et al. proposed the broadbandCDI, in which
they reproduced the monochromatic diffraction pattern from
the detected polychromatic diffraction pattern [25]. The
monochromatic pattern can be obtained by conjugate gradient
least squares (CGLS) [31], which is suitable for any CDI
schemes and achieves almost the same resolution at 11%
bandwidth as the monochromatic source.

Here, we introduce monochromatization of the polychro-
matic diffraction pattern into ptychography to achieve an
ultrafast imaging with a large FOV. It incorporates the mer-
its of high toleration to the broad bandwidth of CGLS and
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FIG. 1. Experimental method and the flowchart of mono-PIE. (a) Schematic diagram of the experimental setup. The pulses propagate
through a precision pinhole and illuminate the object installed on a two-dimensional electronic positioning stage and the CMOS detects the
diffraction pattern generated at each scanning position. (b) Detected diffraction patterns. (c) Spectrum of the pulses used in the experiment.
(d) Constructed diffraction matrix. As a schematic diagram, only the data with an x and y pixel value of 1 is shown and the actual diffraction
matrix should consider the contribution of all pixels. (¢) Monochromatic patterns obtained by CGLS. (f) The amplitude of the object obtained
after reconstruction of (e) by ePIE. The inset is the enlarged image of the central portion.

the high robustness to the noise of ptychography [25,32,33].
With an accurately sampled spectrum, the method effectively
avoids the loss of frequency component, such as the fine peaks
that may exist in the supercontinuum spectrum, and exhibits
extremely high tolerance to a broad bandwidth. The results
show that, even with a bandwidth close to 20%, it can still
achieve good spatial resolution with large FOV. The ultrashort
pulses were used in our experiment, so this method can be
effectively applied to explore the spatiotemporal information
of ultrafast dynamic processes by the pump-probe technique
[34].

II. PRINCIPLE AND METHOD

Considering a broadband pulsed light diffracted by an ob-
ject, if no significant absorption occurs in the spectral range,
the diffraction patterns in far field at different frequencies are
related mostly by a scaling factor determined by the ratio of
the respective wavelengths. Moreover, the exposure time of
the image sensor is usually much longer than the pulse period,
so the final detected pattern will be equivalent to an incoherent
superposition of the diffraction patterns of all wavelengths
[18,35]

I(x
Plke, ky) = ; Ag—;m, )P+ NG ke k). (D

The detected polychromatic diffraction pattern P at the de-
tector distance z comes from diffraction ¢, of different
wavelengths A and experimental noise N since the ¢, is just
the scaling of the identical distribution at spatial frequencies
ke and k, [36]. The incoherent summation in Eq. (1) can

be expressed by the product between the monochromatized
diffraction pattern and a spectrum-dependent matrix D, as
shown in Ref. [25], and the detected diffraction can be written
as

P(ky, ky) = Djjuy(I, )My (ky, ky) + N, ki, ky). (2)

The diffraction matrix D is a four-dimensional tensor with i,
J» u, and v as subscripts, and its construction is only related
to the power spectrum / and the number of pixels d from the
diffraction center to the edge of the monochromatic diffraction
pattern M at the central wavelength. Using CGLS to solve
Eq. (2), the monochromatic diffraction pattern M can be ob-
tained. However, due to the existence of noise N, the iteration
number of CGLS must be reasonably selected, otherwise it
will tend to diverge due to the dominance of noise [37]. In
addition, due to its semi-convergence character, the obtained
monochromatic diffraction pattern M inevitably has some
error from the ideal value, which is a very tricky problem
for conventional noise-sensitive CDI schemes. Therefore, we
apply this method to ptychography, which has excellent noise
tolerance and large FOV. Each detected diffraction pattern is
monochromized and then used as input in ptychographic iter-
ative algorithm. We refer to this method as monochromatized
PIE (mono-PIE).

The flowchart is shown in Fig. 1, and its experimental
setup [Fig. 1(a)] is completely consistent with conventional
ptychography [3,38], except that the incident light source is no
longer limited by the narrow bandwidth and ultrashort pulses
are adopted. The incident light passes through a small pinhole
and illuminates the object moved in the X-Y plane with a
two-dimensional (2-D) motorized stage with high precision.
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FIG. 2. Comparison of the reconstructed objects illuminated
with the (a) 532-nm CW laser and (b) the pulsed laser with 3.75%
bandwidth. The insets are the enlarged images of the central portion.

An image sensor is placed downstream from the object to
detect diffraction patterns at different positions. Mono-PIE
first detects diffraction patterns and the spectrum [Figs. 1(b)
and 1(c)], the spectrum is only utilized once to construct the
diffraction matrix D [Fig. 1(d)], and thus can be sampled as
finely as desired. Multiple images are detected at the same
position with different exposure times to obtain high dynamic
range (HDR) patterns [39]. With the constructed diffraction
matrix D and detected diffraction patterns P known, the
monochromatized diffraction patterns M [Fig. 1(e)] can be
calculated using the CGLS method. All the monochromatized
diffraction images at different positions are used as input for
ePIE or any suitable ptychography iterative algorithm, and the
reconstructed result with greatly improved resolution will be
obtained [Fig. 1(f)].

III. RESULTS AND DISCUSSION

To demonstrate the significant impact of the bandwidth
on the result of CDI, we used a 532-nm monochromatic
light and ultrashort pulses (Coherent Vitara-T) with band-
width AL/X = 3.75% [Fig. 1(c)] to carry out experiments on
a USAF1951 resolution test chart, respectively. The ePIE al-
gorithm is directly applied to the detected diffraction patterns
for reconstruction. In addition the diameter of the precision
pinhole is 200 um and the step size of the movement is
57.6 um. We use a complementary metal-oxide semiconduc-
tor (CMOS) (2048 x 2048 pixels, 11 x 11 um) placed 8.3-cm
downstream from the object to detect a total of 21 x 21 posi-
tions to achieve a large FOV of 1.35 x 1.35 mm. Therefore,
the numerical aperture (NA) is 0.135, corresponding to an
Abbe limit of about 3.7 wavelengths [40].

It can be seen that the 532-nm light achieves a good
reconstructed result [Fig. 2(a)], while the result of the ultra-
short pulses is significantly worse [Fig. 2(b)]. This is simply
because the intensity constraint, which is so critical for pty-
chography to be successful, no longer applies in the case of a
broadband light source. In essence, the goal of phase retrieval
is to search for a local optimal solution by iterating alternately
in real and reciprocal space based on some prior information
[41,42]. For ptychography under a broadband light source,
real space takes the high redundancy of information at adja-
cent positions as the constraint, which is consistent with the
monochromatic case. However, for the diffraction plane, the
change of constraint makes the convergence of the iteration
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FIG. 3. Comparison of the resolution between ePIE (circle) and

mono-PIE (cross) at 3.75% bandwidth. Data points are selected from
the lines in the insets and fitted with error functions.

much more difficult. Even in the case of continuous wave
(CW) light source, trivial ambiguity is always the main reason
for the nonunique solution and makes the result of the iteration
worse [43]. In addition, the traditional Fraunhofer diffraction
formula, which is generally applied for phase estimation in
the Fourier domain, is incompatible with broadband sources.
Therefore, this is a rough reciprocal space constraint that
results in a substantial reduction in spatial resolution under a
broadband light source. In other words, the mismatch between
phase and amplitude causes the iteration to fail to converge
efficiently.

To demonstrate the effect of monochromatization on im-
proving spatial resolution, we input the detected diffraction
patterns [Fig. 1(b)] and the spectral information [Fig. 1(c)]
into mono-PIE. The diffraction matrix [Fig. 1(d)] is applied to
the polychromatic patterns at all positions and the monochro-
matic diffraction patterns [Fig. 1(e)] can be obtained with
the help of the CGLS algorithm. It is evident that the initial
diffraction pattern [Fig. 1(b)] from a broadband source gets
blurred away from the image center and therefore loses high-
frequency information in the reciprocal space. However, after
the treatment with CGLS, more diffraction details are recov-
ered in the monochromatized diffraction pattern [Fig. 1(e)].
We use the ePIE algorithm for 200 iterations and the result
[Fig. 1(f)] is significantly improved compared with the one
without monochromatization [Fig. 2(b)]. In the case of a
broadband illuminating light source, a large amount of high
spatial frequency information is lost, which causes the recon-
struction of small structure details to fail, as is shown in the
inset of Fig. 2(b). However, mono-PIE uses monochromati-
zation to recover the lost high spatial frequency information
and then the final result [Fig. 1(f)] is almost the same as the
one using a monochromatic laser source [Fig. 2(a)], but yields
a very high temporal resolution. This proves the validity of
mono-PIE on improving spatial resolution as expected.

We quantitatively analyze the effect of mono-PIE on res-
olution improvement. The line cuts around specific regions
(labeled with a red or blue line in the insets of Fig. 3) of
the reconstructed object are fitted with error functions to
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evaluate the resolution and the results are shown in Fig. 3.
With the bandwidth AL/A = 3.75%, mono-PIE improved the
resolution of ptychography from 14.68 um to 6.75 um, which
achieves a resolution improvement of nearly 120%.

For mono-PIE, the monochromatized result M is equiva-
lent to obtaining a smaller bandwidth pattern at the cost of
introducing some errors. Due to the excellent robustness of
ptychography, the highly redundant information of the adja-
cent position enables it to effectively reconstruct the object
even in the case of high noise [44]. Therefore, mono-PIE
can achieve better convergence with a faster speed because
its reciprocal space constraint is more precise than those
discussed in the previous section. This combination of the
advantages of monochroatization and ptychography not only
realizes millimeter-scale FOV, but also has better tolerance of
bandwidth as we will see below. Since most ultrafast light
sources now produce stable pulses, we can use the same
diffraction matrix no matter how many experiments are car-
ried out. Therefore, the diffraction matrix only needs to be
constructed once at the beginning, which will greatly reduce
the time required by mono-PIE. It should be noted that the
overlap ratio used in our measurement is 71.2%, which is also
an advantage over previously reported studies that typically
required an overlap ratio over 90% to achieve reliable phase
retrieval [18,24,26].

Importantly, mono-PIE is able to reconstruct the probe as
well, as is shown in the Appendix. Also our results show
that mono-PIE reconstructs the probe even better than the
object. Because, in a complete ePIE iteration, the number of
reconstructions of the probe is much larger than the object,
therefore, mono-PIE has an excellent application prospect for
pulse diagnosis in a broadband light source.

Furthermore, we verify the tolerance of mono-PIE to
bandwidth. We repeat the above experiments using ultrshort
pulses with different bandwidths AA/A = 7.51%, 12.66%,
and 15.82% [Fig. 4(a), blue, orange, and yellow lines], respec-
tively. While the bandwidth continues to increase, resolution
decreases as expected [Figs. 4(b)-4(d)]. We are surprised to
find that mono-PIE was extremely robust against variation of
the bandwidth. Even at a bandwidth of 15.82%, the recon-
structed result [Fig. 4(d)] is still better than the case without
monochromatization at a bandwidth of 3.75% [Fig. 2(b)].

In principle, mono-PIE sets no limit on the number of sam-
pling points in the spectrum and more precise sampling will
make the diffraction closer to the continuous sampling under
real conditions. In our experiment, the spectrum contains 1096
wavelengths ranging from 700 to 900 nm with a sampling
interval of about 0.18 nm, which is an advantage that cannot
be satisfied by reported schemes such as polyCDI and SPIRE,
which only sampled tens of wavelengths in their experiments.
The accurately sampled spectrum is a powerful constraint,
resulting in a significant reduction in the number of unknown
quantities in phase retrieval. Moreover, the more accurately
sampled the spectrum, the more effective this constraint will
be because it contains more valid prior information. In ad-
dition, this feature makes the number of modes have little
impact on mono-PIE. The error of intensity constrain caused
by the limited modes will be greatly reduced because of the
accurately sampled spectrum. This also allows mono-PIE to
be used even in a complicated spectrum, such as when the
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FIG. 4. Experimental results using mono-PIE under different
bandwidths. (a) The spectra of used ultrashort pulses. The bandwidth
AML/X of the blue, orange, and yellow lines labeled 1, 2, and 3 are
7.51%, 12.66%, and 15.82%, respectively. (b)—(d) The amplitude
of object reconstructed by mono-PIE under 7.51%, 12.86%, and
15.82% bandwidth, respectively. The insets are the enlarged images
of the central portion.
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spectrum has sharp spikes and dips. However, most broadband
CDI algorithms may not be available in this condition as they
can face theoretically unsolvable phase retrieval problems
with the increasing number of modes. However, the tolerance
of bandwidth for mono-PIE is not unlimited. Practical issues
still need to be considered while using the current method.

First, as the spectrum gets broader, it magnifies some subtle
experimental errors. Mono-PIE only needs to detect spectrum
and diffraction patterns. The first converts photons at different
wavelengths into electrons through a linear CCD, and the
response of the second to different wavelengths is affected
by quantum efficiency. Therefore, both of them introduce
more errors into the data as the frequency component of the
spectrum increases, and ultimately reduce the resolution of the
reconstruction. Second, the broader the spectrum, the more
likely there is partial absorption in the sample [45,46]. Once
partial absorption occurs, the constructed diffraction matrix
D will no longer accurately depict the relationship between
the monochromatic and polychromatic diffractions. If D is no
longer correct for the description of the diffraction relation,
this will introduce a large amount of initial error. Thus this
error will be further brought to the calculation in CGLS, so
the iteration will be difficult to obtain satisfactorily.

The last reason comes from the mono-PIE itself. Although
the wavelength of the monochromatized pattern M can be
arbitrarily chosen before the reconstruction of the diffrac-
tion matrix, we still choose the central wavelength as the
output. However, for the patterns corresponding to a shorter
wavelength, the outermost high spatial frequency information
cannot be obtained by scaling, so the data can only be padded
with zeros [25]. Therefore, for the frequency components
whose wavelengths are shorter than the central wavelength,
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FIG. 5. The spectra of used ultrashort pulses. (a)—(d) The band-
width AA/A = 3.75%, 7.51%, 12.66%, and 15.82%.

the information of the high spatial frequencies is inevitably
lost. As the bandwidth becomes broader, this loss gradually
intensifies and eventually significantly affects the quality of
the data. Although choosing the shortest wavelength as the
output of monochromatic pattern M can avoid this problem,
it will introduce a great error. Because the intensity of the
power spectrum at the edge is close to the background noise,
using this as a reference and scaling to obtain the diffraction
pattern will also amplify the noise. So it is a tradeoff between

. 1‘1-[
OM.-1r
FIG. 6. Reconstructed results of 532-nm CW laser. (a) The am-
plitude of the reconstructed object. The inset is the enlarged image
of the central portion. (b) The phase of the reconstructed object.

(c) The amplitude of the reconstructed probe. (d) The phase of the
reconstructed probe.

FIG. 7. Same as Fig. 6, but for ePIE at 3.75% bandwidth.

wavelength and light intensity. The combined effect of these
reasons is that the resolution becomes degraded.

IV. CONCLUSION

In conclusion, we demonstrated a millimeter-scale broad-
band diffractive imaging method, mono-PIE. Compared with
traditional ptychography, this method only needs to addition-
ally detect spectral information without other, tedious steps.
We make use of the monochromatic result of CGLS and the
high robustness of ptychography. Since the number of wave-
lengths included in the spectrum has little effect on the use of

0

FIG. 8. Same as Fig. 6, but for mono-PIE at 3.75% bandwidth.
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FIG. 9. Same as Fig. 6, but for ePIE at 7.51% bandwidth.

mono-PIE, the accurately sampled spectrum can be adopted
as a major advantage to recover the object from the polychro-
matic diffraction patterns. Even when the bandwidth is close
to 20%, a significant resolution improvement is still achieved.
Moreover, compared with the results of broadbandCDI based
on single frame diffraction, the field of view is enlarged by
more than 50 times. As a proof-of-principle experiment, we
used femtosecond laser pulses centered around 800 nm to
image the target. It is believed that mono-PIE can easily
achieve nanoscale spatial resolution at femtosecond or even
attosecond time resolution by using ultrashort pulses with a
shorter central wavelength and a larger NA. Combined with

. 1“
QST A

FIG. 10. Same as Fig. 6, but for mono-PIE at 7.51% bandwidth.

FIG. 11. Same as Fig. 6, but for ePIE at 12.66% bandwidth.

the table-top ultrafast coherent light sources, mono-PIE can
be very convenient in various applications of ultrafast science
[47-49] so as to achieve the high spatial and temporal resolu-
tion simultaneously.
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FIG. 12. Same as Fig. 6, but for mono-PIE at 12.66% bandwidth.
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FIG. 13. Same as Fig. 6, but for ePIE at 15.82% bandwidth.
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APPENDIX A: SPECTRAL INFORMATION

Figure 5 shows the spectral information used in our exper-
iment. The sampling range is from 346 to 1033 nm (Ocean
Insight, FLAME-T-VIS-NIR), but we only select the region
from 700 to 900 nm. The sampling intervals fluctuate from
0.17 to 0.20 nm, with an average value of 0.1828 nm.

1-1 f{e
‘ J.V&
0 7 |

FIG. 14. Same as Fig. 6, but for mono-PIE at 15.82% bandwidth.

APPENDIX B: COMPARISON OF MONO-PIE AND EPIE

Figure 6 complements the phase and probe results of the
reconstruction by ePIE at 532-nm CW laser. Figures 7 to 14
show the comparisons of the reconstruction results of mono-
PIE and ePIE for the same diffraction patterns at different
bandwidths, as shown in Fig. 5. Mono-PIE maintains the
advantage of ptychography for the phase and probe recon-
struction. Surprisingly, apart from the effect of mono-PIE
on the amplitude mentioned in the main text, it is even bet-
ter for the probe reconstruction. Even at 15.82% bandwidth,
mono-PIE still retains the diffraction features and high spatial
frequency details in the probe.
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