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Ghost tomography
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The quest for imaging protocols with ever-reduced dose is one of the most powerful motivators driving the currently
exploding field of ghost imaging (GI). Ghost tomography (GT) using single-pixel detection extends the burgeoning
field of GI to 3D, with the use of penetrating radiation. For hard x rays, GT has the potential to relax the constraints
that dose rate and detector performance impose on image quality and resolution. In this work, spatially random x-ray
intensity patterns illuminate a specimen from various view-angles; in each case, the total transmitted intensity is re-
corded by a single-pixel (or bucket) detector. These readings, combined with knowledge of the corresponding 2D
illuminating patterns and specimen orientations, are sufficient for 3D specimen reconstruction. The experimental
demonstration of GT is presented here using synchrotron hard x rays. This result significantly expands the
scope of GI to encompass volumetric imaging (i.e., tomography), of optically opaque objects using penetrating

radiation.
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1. INTRODUCTION

Ghost imaging (GI) first emerged in the domain of visible-light
optics [1]. The term arose from Einstein’s description of quantum
entanglement as “spooky action at a distance,” since initial real-
izations of the method utilized pairs of entangled photons.
Classical implementations of GI have since been developed using
pairs of correlated, coherent wave fields [2]. Very recently, GI
been achieved with atoms [3], electrons [4], and x rays [5-10].
However, to date, none of the reported studies utilizing penetrat-
ing radiation have attempted to map the interior structure of a
genuinely three-dimensional (3D) sample. GI clearly has the po-
tential to achieve such tomographic reconstruction, constituting a
natural extension of previously reported lower-dimensional ghost
images. Here we report on the realization of ghost tomography
(GT) using hard x rays, whose penetrating power for optically
opaque objects significantly extends both the applicability and
utility of the technique.

Synthesizing images via the superposition of linearly indepen-
dent intensity maps, random or otherwise, is the essence of GI
[11-14]. These maps, when random, may be generated through
quantum processes such as shot noise or through classical means
such as spatially random masks. Nonrandom intensity maps may
be generated using suitable deterministic masks. We restrict con-
sideration to random illuminating intensity maps for the remain-
der of this paper on account of their ease of construction for x-ray
fields. A key feature of GI is that the ensemble of superposed
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linearly independent illuminating intensity maps is formed by
photons (or other imaging quanta) that never pass through the
sample. A weak copy of the illuminating field, which may be ob-
tained, e.g., using a beam splitter, does pass through the object
but only the total number of transmitted quanta is measured by a
single-pixel detector in a so-called “bucket signal.”

3D GT of optically opaque objects has not been demonstrated
in the literature; however, similar concepts have been presented.
Direct (as opposed to computed) GT of optically transparent ob-
jects has been reported using optical coherence imaging [15].
Ghost topography (or 3D surface imaging by GI) has been de-
veloped in a remote sensing context using time-of-flight with a
single-pixel camera [16]. 2D GT with terahertz radiation has been
presented by Mohr ez al. [17].

Since no imaging quanta that pass through the sample are ever
registered by a position-sensitive detector, Glresolution is inde-
pendent of the bucket detector. This is an important distinction
between GT and computed tomography (CT): in CT, 3D vol-
ume resolution is limited by the pixel size of the detector. In CT,
the pixel size of the detector and geometric magnification of the
imaging system immediately suggest an appropriate discretization
(i.e., voxel size) for the 3D volume; in GT, the correct 3D dis-
cretization must be found based on analysis of the ensemble of
illuminating fields.

In two-dimensional (2D) GI applications, the parallelized in-
tensity—intensity cross-correlation between the bucket and any
one pixel of the random reference maps is used to compute
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the ghost image [11,12]. In what follows, we show that simply
combining this method with tomography can be insufficient
for 3D imaging, and we present new reconstruction schemes that
give superior results. Our experimental proof-of-concept for GT
significantly expands the scope of GI, empowering it to realize
genuinely 3D reconstructions.

Fig. 1. Experimental setup for x-ray GT. Synchrotron x rays from an
undulator are passed through a spatially random mask (not shown). The
resulting random 2D speckled beam is split into two copies by a crystal
beam splitter working in a Laue diffraction condition. The diffracted
beam, much weaker in intensity than the direct beam, is passed through
the sample before being registered at the position-insensitive bucket de-
tector. The direct beam, consisting of photons that never pass through
the object, is measured over the position-sensitive detector. An ensemble
of spatially random illuminating patterns is created by transversely dis-
placing the mask. Note that only the spatially integrated signal (termed
the “bucket signal”) for each bucket-beam measurement is utilized in the
x-ray GT. The process is repeated for a variety of angular orientations € of
the sample.

imm

Fig. 2.
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2. METHOD

A schematic of our experimental setup for x-ray GT is shown in
Fig. 1. Illumination of a spatially random 1-mm-thick Ni foam
with normally incident 26 keV hard x rays from a synchrotron
created spatially random intensity illumination patterns, such
as that shown in Fig. 2A. An ensemble of such speckle patterns
was obtained via transverse displacement of the foam over a 2D
square grid with a step size of 400 pm. This transverse step size
was chosen to be considerably larger than the width of the illu-
minating speckle intensity autocovariance (Fig. 2C), to reduce the
degree of correlation between illuminating speckle images. The
sample for our proof-of-concept x-ray GT experiment was an Al
cylinder with diameter 5.60 mm, into which was drilled two
cylindrical holes with respective diameters of 1.98 and 1.50 mm
(Fig. 2B). This sample was secured to a rotation stage and illu-
minated with attenuated copies of the spatially random intensity
maps, obtained by using a 220 Laue x-ray reflection from a (001)
Si wafer beam splitter.

Approximately 2000 random-illumination intensity maps
were used, forming a linearly independent mathematical basis
[13] for the 2D ghost projection images. Noise-free simulations,
assuming a similar experimental setup with 642 pixel illumination
patterns, were conducted in Kingston ez al. [18]. These showed
image quality (using conventional GI) degraded as the number of
illumination patterns was reduced, and that 1000 patterns per
view-angle approached the lower limit of object resolvability.
Regularization techniques, such as compressed sensing, were
shown to produce significant image quality improvements; how-
ever, given that the data measured here would contain noise and
other artifacts, we opted for 2000 measurements per view-angle.

GI spatial resolution [19] cannot be determined based on pixel
size, so we have therefore used Fourier ring correlation (FRC)—
applied to the ensemble of illuminating speckle fields—to estimate
the resolution of our imaging system as approximately 100 pm
(Supplement 1). FRC yields a best-case limit estimate for 2D spa-
tial resolution. This is quite distinct from the point spread func-
tion (PSF) of the 2D imaging system (Fig. 2C) that is calculated as
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(A) Example of spatially random x-ray intensity illumination pattern; LHS, as measured; RHS, blurred to match motion artifacts in bucket

image. Yellow box [coinciding with blue box in Fig. 2(D)] indicates region used for GI/GT. (B) Schematic of Al phantom sample; (C) PSF found as the
normalized autocovariance of the set of illuminating spatially random fields; LHS, as measured; RHS, blurred to match motion artifacts in bucket image.
Zoom x4 presented in top-right corner. (D) Example bucket image with the blue box indicating the region over which the signal was accumulated to give
the single-pixel bucket signal. (E) FRC results from registered image subsets, used to determine 3D GI resolution (determined as the reciprocal distance at
which correlation drops below 1 bit). The relevant (spck/bcket) resolution result of 100 pm, was used to select the 3D discretization for the tomographic
reconstructions in Fig. 3. Image pairs include: spck/spck, —speckle images compared at & = 0° and 6 = 68.750° spck/blur, —speckle image at 6 = 0°
compared to blurred speckle image at @ = 68.750° bckt/bekt, bucket images compared at @ = 0° and @ = 68.750°; spck/bekt, speckle image at 6 = 0°

compared to bucket image at 6 = 0°.
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the normalized autocovariance of the set of illuminating spatially
random intensity fields [9,19]; this PSF estimates the resolution
of conventional GI by cross-correlation [11,12]. In either case, the
theoretically achievable resolution is limited below by twice the
pixel size of the detector used to measure the illumination pat-
terns. See Section 2A in Supplement 1 for further detail. These
estimates of resolution allow us to select an appropriate discreti-
zation for our 3D reconstructed image.

For tomographic imaging, we repeated the 2000 random-
illumination intensity maps for each of N = 14 projection
angles. Due to some instability of the beam-line vacuum, the
x-ray beam dropped out at random time intervals during data ac-
quisition. Unlike conventional CT, GI is insensitive to such
random signal dropouts because it utilizes intensity—intensity cor-
relations. Further, the object rotation angles were chosen using a
quasi-random (or low-discrepancy) additive recurrence sequence
of angles, 6, with step size equal to

Af = n(p-1) (1)

rad, where
b= (1+5)/2 2)

is the golden ratio. This equates to A@ = 111.25° and can be
achieved equivalently with an angular step size for the object ro-
tations of 180° - 111.25° = 68.75°. Quasi-random sequences ap-
pear to be random locally but are highly ordered globally. Hence,
at any time the experiment is ceased, the angle set acquired will be
an approximately uniform sampling of [0, 7) rad.

Each detected image was registered via an indirect detector,
consisting of a scintillator screen, lens system and a 2560 x
2160 pixel pco.edge 5.5 (PCO AG, Germany) sCMOS-based
camera with pixel pitch of 6.5 pm, and binned down to the res-
olution that was determined via FRC. Each object-free 2D refer-
ence-illumination beam was paired with a bucket-beam image
containing the object (e.g., blue box in Fig. 2D corresponding
to yellow box in Fig. 2A). The total signal in the blue-box region
was summed to give the bucket signal B, corresponding to the
jth realization of the spatially random illuminating pattern, at
sample rotation angle 6. The spatially random intensity pattern
I(x, y) illuminating this same region corresponds to the spatially
resolved intensity map of the beam that did not pass through
the object, where (x, y) are Cartesian coordinates in the detector
plane.

3. ANALYSIS AND RESULTS

In 2D GI, the cross-correlation GI formula [11,12] may be used
to estimate the 2D intensity transmission function 7'(x, y; 0) for a
given fixed object rotation 6 as the ensemble average (intensity—
intensity correlation):

M(0)
T(.0) = 3755 > L&) Bio-Bug) ()
j=1

Here, B,, ¢ is the average bucket signal for a given 6, and M (0) is
the number of bucket measurements taken at each orientation.
This ensemble average constitutes the superposition of linearly
independent spatially random intensity maps /;(x,y) referred
to above. Subsequent reconstruction of the 3D attenuation func-
tion using conventional tomography algorithms showed that
the cross-correlation GI formula is inadequate for 3D imaging
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(see Figs. S8a and S8d of Supplement 1 and accompanying text
in Section S4B). A posteriori information of the sample must be
leveraged to produce a meaningful GT reconstruction. To achieve
this, we employed iterative cross-correlation via the Landweber
algorithm coupled with smoothness priors [18]. The relaxation
parameter used was

y = 0.01/(J40?), (4)
where /, is the number of measurement pairs at angle 0, and 62 is
the variance of the spatially random speckle patterns. Such a 2D
reconstruction was performed for each of the 14 pseudo-random
projection angles 6. Applying conventional tomographic
reconstruction techniques to the resulting projection images pro-
duced a reasonable but very noisy tomogram (see Figs. S8b—c and
S8e—f in Supplement 1 and accompanying text in Section S4B).

In the above two-step reconstruction scheme (ghost
reconstruction followed by tomography), each projection image
is reconstructed separately from the others. This is not the optimal
approach, as projections at different angles are obviously related.
A better result can be achieved by direct reconstruction, where
one recovers the 3D volume directly from the bucket signals, thus
using all measured information simultaneously; the intermediate
step of recovering the 2D x-ray ghost projection images can be
removed. A gradient descent (or the Landweber) algorithm for
direct iterative tomographic reconstruction from bucket signals
has very recently been developed in Section V of the simula-
tion-based study of Kingston ez a/ [18]. A smoothness prior
and enforced positivity in attenuation coefficient were included
here to improve the result. Vertical and horizontal slices through
the resulting x-ray GT reconstructions are shown in Figs. 3A and
3B, respectively. These may be compared to the conventional CT
reconstructions obtained in the same set of experiments, as given
in Figs. 3C and 3D. A semitransparent rendering of the 3D re-
constructed ghost tomogram is given in Fig. 3E, with horizontal
and vertical cutaway 3D renderings in Figs. 3F and 3G, respec-
tively. The nontrivial preprocessing steps required to achieve the

Fig. 3. Horizontal (A) and vertical (B) 2D slices through the 3D x-ray
GT reconstructed volume with a voxel pitch of 48 pm. The correspond-
ing horizontal (C) and vertical (D) 2D slices through the conventional
3D tomography reconstructed volume obtained from the same set of ex-
periments. (E) A semitransparent rendering of the 3D GT reconstructed
object indicating the location of the slices (A) and (B). Horizontal (F) and
vertical (G) cutaway images of the rendered ghost-tomogram volume
showing the position of slices (A) and (B), respectively. Note that the
blue lines in (A) and (C) indicate the position of the orthogonal slices
(B) and (D); likewise, the red lines in (B) and (D) indicate the location
of perpendicular slices (A) and (C).
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results in Fig. 3 are detailed in Supplement 1. This supplement
also gives further GI tomographic slices in Fig. S9. The recon-
structed sample densities, as obtained from the x-ray ghost tomo-

grams, are quantitative. Using the XCOM (NIST) database [20],

the attenuation per unit density of Al at 26 keV is 1.65 cm?/g.
The density of Al is 2.70 g/cm?, giving an expected linear attenu-
ation coefficient of 4.455 cm™'. From the reconstructed x-ray
ghost tomogram with 52 pm pixel dimension (i.e., binned x8)
the mean attenuation of the Al is measured as 4.80 cm™' and cor-
responds to the attenuation of Al at 25.3 keV. This increase in
attenuation is most likely due to inclusions of higher-Z metals to
form the Al alloy, together with the difference in spectrum
between the direct and diffracted beams.

4. DISCUSSION

The ability to achieve quantitative 3D imaging, in a GI geometry
where none of the photons passing through the object are ever
detected with a position-sensitive camera, is remarkable. A key
observation is the previously mentioned impracticality of two-step
GT achieved by simply combining 2D GI at each projection, with
standard tomographic reconstruction concepts. Rather, we em-
phasize that direct GT was seen to be much more effective as
iterative refinement occurs in a whole-of-data set manner. We
thereby reconstructed a 140 x 140 x 72 voxel ghost tomogram us-
ing approximately 26,000 bucket measurements spread over 14
sample-rotation orientations, equating to over 50 reconstructed
voxels per bucket measurement. This efficiency was enabled by
harnessing a posteriori assumptions (or enforcing priors). GT is
particularly suited to such efficiencies, the further exploitation
of which may aid in a long-term aim of reduced dose relative
to conventional imaging.

The x-ray dose in conventional CT is the product of flux-per-
view-angle, and the number of viewing angles used. Dose reduc-
tion in conventional CT is necessarily achieved by some combi-
nation of: (i) reducing flux per viewing angle, decreasing
tomogram signal-to-noise ratio; or (ii) reducing the number of
viewing angles, typically resulting in artifacts in the tomogram
since the reduced sampling conditions do not satisfy the incoher-
ence requirements of compressed sensing.

An effective combination of compressed sensing and CT,
known as compressive tomography (see e.g., [21-23]), uses illumi-
nation masks to obstruct patterns of pixels from the illuminating
radiation. This method has the potential to reduce dose without
introducing artifacts into the tomogram, as the illumination
masks can be constructed to satisfy the incoherence requirements
of compressed sensing. Compressive tomography can be achieved
as a special case of GT, by using a pinhole mask translated to each
unblocked pixel element per view-angle; thus, GT can be at least
as effective at dose reduction, with the potential to be more so.

From a broader perspective, our demonstration of GT shows
how the GI approach is naturally able to relax the constraints
placed on image quality by dose rate, as well as on image reso-
lution by detector performance. This is a fundamental departure
from conventional imaging paradigms. GT affords the flexibility
of independently varying a number of parameters, such as the
illumination masks, exposure time, number of bucket readings,
and number of object orientation angles. As a consequence,
the resolution level can be optimized against dose rate in a manner
that takes into account prior knowledge about the sample.
For instance, illumination masks can be designed in a way to
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minimize dose to the sample (according to prior knowledge of
it) while maintaining high resolution. This is not possible in di-
rect imaging using a pixel array detector, which requires all pixels
to be illuminated regardless of the object being imaged.
Therefore, while it is important to compare the performance
of ghost and conventional imaging—as done in this paper—it is
crucial to recognize that GI is not just a different way of making
images. Also, a GI or tomography system can be designed to be
adaptive, in the sense that it can be optimized for the features of
the object being imaged [24]. This may have great practical ad-
vantages when using ionizing radiation. For instance, it is not too
far-fetched to imagine how GT with mask engineering could be
used in future radiological practice. By using the available prior
information, the dose could be spatially and angularly distributed
to statistically match the object of interest (for instance the brain
or the lungs) given that the size, shape, and density of these organs
or body parts are well known.

We close this discussion with some speculations regarding pos-
sible future challenges and limitations of GT, the overcoming of
which will progress the maturation of the technique. Limitations
are not strictly technological per se; many can be overcome by
further technique development. Significant work in GI remains
to realize a genuine competitive advantage with regards to dose
and photon budgets, relative to more conventional forms of im-
aging, or the discovery of at least one niche area in which the
analyses GI provides are clearly superior. We expect a reasonably
straightforward translation of GT to low-flux cone-beam labora-
tory x-ray sources through the use of computational GI, e.g., as
performed in Zhang ez al. [8]. A challenge with a zrue single-pixel
bucket detector setup (as opposed to the accumulated bucket sig-
nal used here) will be that of alignment. One possibility is an
alignment phantom and protocol that uses only signal intensity,
i.e., maximum intensity equates to an aligned system; a second
option would be an auxiliary alignment system. When consider-
ing a computational x-ray GI setup, the question arises: What
magnifications could be reasonably achieved for tomographic
ghost microscopy? In this case the mask used to structure the il-
lumination can be preimaged with high resolution, e.g., with a
transmission electron microscope. Assuming the mask has fea-
tures up to the resolution of this prerecorded image, the limit
to Gl and GT resolution would be that of the translation accuracy
of the mask, as well as the alignment with the assumed position of
the single-pixel detector. We anticipate that hybrid systems, com-
bining GI with conventional imaging approaches using a 2D po-
sition sensitive bucket detector, will be of future interest when
considering optimization of dose and resolution. In addition to
compressed sensing (e.g., [12,18]) and regularization in general
(as exemplified here), we expect that artificial intelligence and
deep learning are likely to play an important role in the future
evolution of whole-of-data set reconstruction approaches for

GT (as demonstrated by Shimobaba et 4/ [25] for GI).

5. CONCLUSION

We report the experimental demonstration of GT, obtained using
hard x rays. We demonstrate that GT is able to computationally
measure the 3D internal distribution of a sample by a set of
bucket readings of the total transmitted x-ray intensity from
the sample. The task is accomplished by illuminating the sample
with a known, varying set of 2D x-ray patterns for each rotation
angle of the sample. We discussed our strategies for data
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acquisition and processing, showing how direct tomographic
reconstruction from bucket readings is much more effective than
the two-step approach of tomographic inversion following GI
reconstruction of individual projections. These results outline
how the flexibility of engineering a GT measurement marks a
radical departure from the conventional tomographic imaging
paradigm, being able to make optimal use of the available
information to maximize tomogram quality and minimize the
radiation dose used.

Funding. Australian Research Council (ARC)
(LP150101040); European Synchrotron Radiation Facility
(ESRF) (proposal MI-1326).

Acknowledgment. We acknowledge useful discussions
with David Ceddia, Emilio Escauriza, Jean-Pierre Guigay,
Timur Gureyev, and Qiheng Yang. AMK and GRM acknowledge
the financial support of the Australian Research Council and FEI-
Thermo Fisher Scientific through the Linkage Project. We thank
the European Synchrotron Radiation Facility for granting beam-
time on ID19, and funding a visiting fellowship for DMP.

See Supplement 1 for supporting content.

REFERENCES

1. T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. Sergienko, “Optical
imaging by means of two-photon quantum entanglement,” Phys. Rev.
A 52, R3429-R3432 (1995).

2. M. J. Padgett and R. W. Boyd, “An introduction to ghost imaging: quan-
tum and classical,” Philos. Trans. R. Soc. London A 375, 20160233
(2017).

3. R. I. Khakimov, B. M. Henson, D. K. Shin, S. S. Hodgman, R. G. Dall, K.
G. H. Baldwin, and A. G. Truscott, “Ghost imaging with atoms,” Nature
540, 100-103 (2017).

4. S. Li, F. Cropp, K. Kabra, T. J. Lane, G. Wetzstein, P. Musumeci, and D.
Ratner, “Electron ghost imaging,” Phys. Rev. Lett. 121, 114801 (2018).

5. H. Yy, R. Lu, S. Han, H. Xie, G. Du, T. Xiao, and D. Zhu, “Fourier-trans-
form ghost imaging with hard x rays,” Phys. Rev. Lett. 117, 113901
(2016).

6. D. Pelliccia, A. Rack, M. Scheel, V. Cantelli and D. M. Paganin,
“Experimental x-ray ghost imaging,” Phys. Rev. Lett. 117, 113902
(2016).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Vol. 5, No. 10 / /Optica

. A. Schori and S. Schwartz, “X-ray ghost imaging with a laboratory
source,” Opt. Express 25, 14822-14828 (2017).

. A.-X. Zhang, Y.-H. He, L.-A. Wu, L.-M. Chen, and B.-B. Wang, “Table-top
x-ray ghost imaging with ultra-low radiation,” Optica 5, 374-377 (2018).

. D. Pelliccia, M. P. Olbinado, A. Rack, A. M. Kingston, G. R. Myers, and D.

M. Paganin, “Towards a practical implementation of x-ray ghost imaging

with synchrotron light,” Int. Union Crystallogr. J. 5, 428-438 (2018).

A. Schori, D. Borodin, K. Tamasaku, and S. Shwartz, “Ghost imaging

with paired x-ray photons,” Phys. Rev. A 97, 063804 (2018).

Y. Bromberg, O. Katz, and Y. Silberberg, “Ghost imaging with a single

detector,” Phys. Rev. A 79, 053840 (2009).

0. Katz, Y. Bromberg, and Y. Silberberg, “Compressive ghost imaging,”

Appl. Phys. Lett. 95, 131110 (2009).

D. Ceddia and D. M. Paganin, “Random-matrix bases, ghost imaging,

and x-ray phase contrast computational ghost imaging,” Phys. Rev. A

97, 062119 (2018).

T. E. Gureyev, D. M. Paganin, A. Kozlov, Y. |. Nesterets, and H. M.

Quiney, “Complementary aspects of spatial resolution and signal-to-

noise ratio in computational imaging,” Phys. Rev. A 97, 053819 (2018).

M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich,

“Demonstration of dispersion-canceled quantum-optical coherence

tomography,” Phys. Rev. Lett. 91, 083601 (2003).

M.-J. Sun, M. P. Edgar, G. M. Gibson, B. Sun, N. Radwell, R. Lamb, and

M. J. Padgett, “Single-pixel three-dimensional imaging with time-based

depth resolution,” Nat. Commun. 7, 12010 (2016).

T. Mohr, A. Herdt, and W. Elsasser, “2D tomographic terahertz

imaging using a single pixel detector,” Opt. Express 26, 3353-3367

(2018).

A. M. Kingston, G. R. Myers, D. Pelliccia, I. D. Svalbe, and D. M.

Paganin, arXiv preprint arXiv:1804.03370 (2018).

F. Ferri, D. Magatti, L. A. Lugiato, and A. Gatti, “Differential ghost imag-

ing,” Phys. Rev. Lett. 104, 253603 (2010).

M. Berger, J. Hubbell, S. Seltzer, J. Chang, J. Cursey, R. Sukumar, D.

Zucker, and K. Olsen, 2010, https://www.nist.gov/pml/xcom-photon-

cross-sections-database.

K. Choi and D. Brady, “Coded aperture computed tomography,” Proc.

SPIE 7468, 746801 (2009).

Y. Kaganovsky, D. Li, A. Holmgren, H. Jeon, K. P. MacCabe, D. G.

Politte, J. A. O’Sullivan, L. Carin, and D. J. Brady, “Compressed sampling

strategies for tomography,” J. Opt. Soc. Am. A 31, 1369-1394 (2014).

D. J. Brady, A. Mrozack, K. MacCabe, and P. Llull, “Compressive tomog-

raphy,” Adv. Opt. Photon. 7, 756-813 (2015).

M. ABmann and M. Bayer, “Compressive adaptive computational ghost

imaging,” Sci. Rep. 3, 1545 (2013).

T. Shimobaba, Y. Endo, T. Nishitsuji, T. Takahashi, Y. Nagahama, S.

Hasegawa, M. Sano, R. Hirayama, T. Kakue, A. Shiraki, and T. lto,

“Computational ghost imaging using deep learning,” Opt. Commun.

413, 147-151 (2018).

359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406


https://doi.org/10.6084/m9.figshare.7178900
https://doi.org/10.1103/PhysRevA.52.R3429
https://doi.org/10.1103/PhysRevA.52.R3429
https://doi.org/10.1098/rsta.2016.0233
https://doi.org/10.1098/rsta.2016.0233
https://doi.org/10.1038/nature20154
https://doi.org/10.1038/nature20154
https://doi.org/10.1103/PhysRevLett.121.114801
https://doi.org/10.1103/PhysRevLett.117.113901
https://doi.org/10.1103/PhysRevLett.117.113901
https://doi.org/10.1103/PhysRevLett.117.113902
https://doi.org/10.1103/PhysRevLett.117.113902
https://doi.org/10.1364/OE.25.014822
https://doi.org/10.1364/OPTICA.5.000374
https://doi.org/10.1107/S205225251800711X
https://doi.org/10.1103/PhysRevA.97.063804
https://doi.org/10.1103/PhysRevA.79.053840
https://doi.org/10.1063/1.3238296
https://doi.org/10.1103/PhysRevA.97.062119
https://doi.org/10.1103/PhysRevA.97.062119
https://doi.org/10.1103/PhysRevA.97.053819
https://doi.org/10.1103/PhysRevLett.91.083601
https://doi.org/10.1038/ncomms12010
https://doi.org/10.1364/OE.26.003353
https://doi.org/10.1364/OE.26.003353
https://doi.org/10.1103/PhysRevLett.104.253603
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://www.nist.gov/pml/xcom-photon-cross-sections-database
https://doi.org/10.1117/12.845296
https://doi.org/10.1117/12.845296
https://doi.org/10.1364/JOSAA.31.001369
https://doi.org/10.1364/AOP.7.000756
https://doi.org/10.1038/srep01545
https://doi.org/10.1016/j.optcom.2017.12.041
https://doi.org/10.1016/j.optcom.2017.12.041

407

Queries

1. AU: In the sentence beginning “The relevant (spck/bckt) resolution result,” do you think it might be appropriate to spell out “spck” and
“bckt” for the convenience of the reader?

2. AU: In the sentence beginning “Each detected image was registered,” please spell out “sSCMOS.”
3. AU: In the sentence beginning “Using the XCOM (NIST) database,” please spell out “NIST.”

4. AU: The funding information for this article has been generated using the information you provided to OSA at the time of article
submission. Please check it carefully. If any information needs to be corrected or added, please provide the full name of the funding
organization/institution as provided in the CrossRef Open Funder Registry (https://search.crossref.org/funding).

5. AU: Note that last page numbers for Refs. [1, 7, 8, 17, 22, 23] have been inserted; please verify.
6. AU: Please note that the article title for Refs. [1-17, 19, 22-25] has been inserted.

7. AU: Note change in URL in Ref. 20; please verify.

Supplementary Material

This article has the following supplementary material items associated with it.

1. Supplement 1 supplementary manuscript https://doi.org/10.6084/m9.figshare.7178900

ORCID Identifiers

The following ORCID identifiers were supplied for the authors of this article. Please review carefully. If changes are required, or if you are
adding IDs for authors that do not have them in this proof, please submit them with your corrections for the article. Authors who do not
have iDs on the proof may add them by logging into their OSA account. To do this, click on the “Update Account” link on your Prism
homepage or log-in directly to http://account.osa.org, then click the button “Create or Connect your ORCID iD” in the ORCID section
of the Participation tab. If the ORCID window does not appear, then change your browser settings to enable
pop-ups. Please indicate in your corrections if you or any coauthors have done this. Each individual author is responsible for adding
or correcting his or her iD using the steps outlined above.

* Andrew. M. Kingston https://orcid.org/0000-0002-0606-4094

¢ Daniele Pelliccia  https://orcid.org/0000-0001-8751-2620


https://search.crossref.org/funding
https://search.crossref.org/funding
https://search.crossref.org/funding
https://doi.org/10.6084/m9.figshare.7178900
https://doi.org/10.6084/m9.figshare.7178900
https://doi.org/10.6084/m9.figshare.7178900
https://doi.org/10.6084/m9.figshare.7178900
https://doi.org/10.6084/m9.figshare.7178900
http://account.osa.org
https://orcid.org/0000-0002-0606-4094
https://orcid.org/0000-0002-0606-4094
https://orcid.org/0000-0001-8751-2620
https://orcid.org/0000-0001-8751-2620

	XML ID funding

