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ABSTRACT

We examine the effect of spatial coherence on the image quality of a classic 4f imaging system when its Fourier plane is partially blocked by
an opaque obstacle. We find that although reducing the degree of spatial coherence of the source results in the improved image quality, the
concurrent distortions in the image plane are inevitable. Employing a suitable decomposition of a partially coherent light source into a set of
coherent pseudo-modes with a multitude of linear phase shifts, we demonstrate that the distortions are primarily induced by the modes
whose maxima are located at the obstacle edges. We show that by tailoring spatial coherence of the source we can enable all the coherent
modes to circumnavigate the obstacle, ensuring the same image quality as if the obstacle were absent from the Fourier plane. We expect our

findings to be instrumental in high-contrast optical microscopy with coherence structured light.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0046288

Spatial coherence is among the salient metrics of light, governing
many intriguing optical phenomena and featuring in a number of
applications."” For instance, even a straightforward adjustment of the
spatial coherence width of a light source can help reduce the turbu-
lence induced signal distortion in free-space optical communica-
tions.”* Moreover, the spatial coherence distribution of an optical field
at the source can be customized to enable a host of applications, such
as partially coherent diffractive imaging,” coherence holography,”” or
photovoltaics.” It has been demonstrated recently that a partially
coherent beam with tailored spatial coherence structure can self-
reconstruct its intensity and polarization upon scattering from an
opaque obstacle, provided the spatial coherence length of the beam is
relatively low.” '* The physics behind this phenomenon is quite differ-
ent from that of the self-healing of coherent beams.'”'” The self-
reconstruction of partially coherent beams can find applications to
optical trapping'® and ghost imaging'” in random environments.

In this Letter, we explore the effect of spatial coherence on the
reconstruction of optical image in a classic 4f imaging system when its
Fourier plane is partially blocked by an opaque obstacle. It has been
well documented to date that low-coherence light illumination in the
system results in high-quality images due to the absence of speckles."”
However, when an obstacle is introduced into the Fourier plane to
(partially) block light transmission, distortions inevitably arise in the
image plane even for low-coherence light illumination. Here, we
employ a suitable coherent pseudo-mode representation'””’ of the
illuminating source to demonstrate that the just mentioned distortions
originate from the source pseudo-modes whose maxima are located at
the edge of the obstacle. Our findings indicate the way to engineer the
spatial coherence structure of the light source to ensure that all the
coherent modes circumnavigate the obstacle, thereby guaranteeing
the same image quality as if the obstacle were absent from the system.
Since optical microscopy entails a similar 4f imaging system, our
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results carry promise for high-contrast microscopy with coherence
structured light.

We sketch the imaging system employed in our experiment in
Fig. 1(a). In Part A, we exhibit the illuminating (partially coherent)
light beam generation, while in Part B, we display a classic 4f imaging
system featuring a pair of thin lenses (L3 and L,). We first produce a
partially coherent Gaussian Schell model (GSM) beam”' with the
cross-spectral density

r?+r? 1 —1,)?
W(rl,rz)ocexp< 1402 2>exp[( 12522) ,
0 0

wherer; = (x1,y1) and ry = (x2, y,) are two arbitrary spatial position
vectors in the source plane, and o, and J, denote transverse beam
intensity and spatial coherence widths, respectively. Here g is fixed by
the aperture of a Gaussian amplitude filter (GAF) which we set at
5mm in our experiment. At the same time, o, is governed by the size
of the beam spot on the rotating ground-glass disk (RGGD), viz.,
0o = Af /Twp, where / = 632.8 nm is the carrier wavelength of the
beam, f=400 mm is a focal length of any thin lens of the system, and
W, is a beam spot size at RGGD. In our experiment, d, varies from 0.1
to 1 mm. The particulars of the GSM beam generation and diagnostics
can be found, for instance, in Refs. 22 and 23.

The generated GSM beam illuminates the object plane of the 4f
imaging system of Fig. 1(a), where we place a 1951 USAF resolution
test chart. We place an opaque obstacle into the Fourier plane of the
system to partially block the incoming light. For simplicity, we employ

scitation.org/journal/apl

an opaque obstacle shaped as a sector with its opening central angle
¢@ = m/4. We then place a beam profile analyzer (BPA) in the rear
focal plane of L, to record the output image. We also examine imaging
with a fully coherent Gaussian beam of the same width as the GSM
beam for comparison. In Fig. 1(b)-1(d), we show the experimental
results of the output images generated by an illuminating fully coher-
ent Gaussian beam as well as by the GSM beams with 6y = 1 mm and
0.1 mm. The top row of Fig. 1(b)-1(d) shows the results with no obsta-
cle present in the Fourier plane of the system, while the bottom row
illustrates imaging with an obstacle.

We can infer from Fig. 1(b)-1(d) that the presence of obstacles
obviously degrades the image quality. Moreover, as expected, the
speckles inevitably present in the high-coherence illumination case
additionally degrade the image as compared to that in the low-
coherence illumination case.'” In fact, the images formed with a high-
coherence illumination source [Fig. 1(b) and 1(c)] are badly distorted
and fine features are hardly identifiable when the Fourier plane of the
system is partially blocked. At the same time, some fine details of the
image can be discerned when the same obstacle is present in the low-
coherence illumination scenario [Fig. 1(d)]. Yet, image distortions are
ubiquitous whenever the Fourier plane of the 4f system is even par-
tially blocked.

To better understand how the spatial coherence of the illuminat-
ing source affects image quality, we employ a generic pseudo-mode
decomposition (PMD) approach of Ref. 19. Unlike the modes of a
conventional coherent-mode representation (CMD)’' of a partially
coherent source, the pseudo-modes do not form an orthogonal set and

(@ L,

Part A

GAF: i Object

Obstacle L "

(b) Fully coherent (c)

=1

=1 S —
w M= =

FIG. 1. (a) Schematics of the experimental setup for preparing a GSM beam and the setup for a 4f optical imaging system with its Fourier plane partially blocked by a sector-
shaped opague obstacle. (b)-(d) Experimental results of the images of an object illuminated by the light from a fully coherent source (b) and the partially coherent GSM sour-
ces [(c) and (d)]. Top panels of (b)-(d) correspond to obstacle free imaging, while bottom panels correspond to the case of an obstructed Fourier plane.
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all modes entering the PMD are amplitude- and/or phase-shifted
replicas of each other. A particular case of such a PMD, a complex
Gaussian representation where the pseudo-modes form an over-
complete set of Gaussian beams with a multitude of lateral
displacements of beam maxima and linear phase shifts,”* has
proven instrumental in studying partially coherent sources.”” **
With the help of the PMD, we can reduce the imaging problem at
hand t? imaging of an individual pseudo-mode. The generic PMD
reads'’

W(ry, 1) = JJp(v)H*(rl,v)H(rz,V)dzv, (1)

where p(v) is a non-negative function for any vector v = (v, v,) and
H(r,v) is an arbitrary kernel function. For a statistically homogeneous
source, the kernel function can be expressed as

H(r,v) = /S(r) exp (i27r - v), (2)

where S(r) = W(r,r) is a spectral density of the source. The non-
negative function p(v) can then be obtained by

p(v) = JJ,u(Ar) exp (—i2nAr - v)d?Ar, (3)

where pi(Ar) = W(ry,1;)/+/S(r1)S(r2) denotes the degree of spatial
coherence of the source with Ar = r; — r,. It is evident from Eq. (3)
that p(v) and p(Ar) form a Fourier transform pair.

To assess a continuous distribution p(v) in the laboratory, we
approximate p(v) by a discrete set {p,, } of weights at sampled points
{Vun} = {(Vam, Vyn) }, assuming, for the moment, the sampling func-
tions to be infinitely sharp, such that

M—-1N-1

men(s(v - an)- (4)
m=0 n=0
Here m=0,2,....M —1 and n=0,2,...,N —1; M and N being
the numbers of sampling points along the v, and v, axes, respectively.
We note that in reality the sampling functions do, of course, have a
finite spatial spread; we shall return to this point later in our discussion
of the quality of experimentally realized images.

Next, the rank of an M by N sampling matrix depends on a spe-
cific distribution p(v). For example, for a GSM source,
plv) = (27!)71/201:1 exp (7v2/2(r‘2,) is a Gaussian with the rms width
0, = 1/(2my) for which we can safely assume that [vi,| < Vimax
=30, and [v,,| < Vymax = 30,. We notice that the range of phase
shifts v, is inversely proportional to the spatial coherence width d, of
the source, which is directly relevant to the following analysis. It then
follows from Eqs. (1) and (4) that

p(v) =~

M—-1N-1

W(rh 1'2) = Z menq);m (rl)q)mn(rZ)» (5)

m=0 n

where @,,,,,(r) = H(r, V,n,). Equation (5) represents an experimentally
assessable PMD of a partially coherent light source comprised of the
pseudo-modes {®,,,,(r) } with a set of weights {pu, }-

For the Schell-model sources, the pseudo-modes are expressed as

D,y (r) = 1/S(x) exp (27 - Vyyy). (6)

scitation.org/journal/apl

We notice that each mode is a phase-shifted, by the amount v,, ,, rep-
lica of the “ground” mode with the spatial distribution S(r) corre-
sponding to m =n = 0. Similarly to the CMD, as the source
coherence decreases, the number of modes in the PMD increases,
resulting in a broader range of v,,,,,. In our case, we find that 10* modes
(i.e, M = N = 100) are sufficient to faithfully reproduce the GSM
source in the coherence range corresponding to 0.1 < dp < 1 mm.

With the aid of the above PMD, the imaging under the GSM
source illumination reduces to the imaging problem for individual
pseudo-modes. For a mode of order (1, n) propagating through the 4f
imaging system, the optical field in the rear focal plane of the first thin
lens can be expressed as'®

Won(s) = ;—flj JO(r)(Dmn(r) exp {—ii—;r : s} d’r. (7)

Here s = (s,,s,) is a position vector in the Fourier plane and O(r) is
an object transmission function. We assume that an opaque obstacle
with a transmission function #(s) is placed in the Fourier plane to par-
tially block the light field. Here we note that a pupil function of the
lens'® is also incorporated into t(s). Therefore, the transmitted light
field past the obstacle can be expressed as t(s)W,u,(s). After having
been transmitted through the second thin lens of the imaging system,
the light field in the image plane reads

W) = 5 | [t nto)exp [ 57
where p = (x,y) is a transverse position vector in the image plane.
The integrals in Eqs. (7) and (8) can be evaluated numerically by a fast
Fourier transform algorithm. We find for the image intensity:
g (p) = |O(—p)|*S(—p) ~ |O(—p)|?, assuming an ideal imaging
system (i.e., t(s) = 1) and illuminating light of nearly uniform inten-
sity. However, as the object transmission function #(s) is not uniform,
t(s) =1 holds only for the area of the Fourier plane outside the
obstacle.

We now discuss the reasons for improved image quality with
low-coherence light illumination and for the ubiquity of distortions in
the image plane. It follows at once on substituting from Eq. (6) into
Eq. (7) that

s p} & ®

Won(s) = Wools — 4f Vinn), 9)

where W stands for the ground mode profile in the Fourier plane;
Voo = 0 by definition. Further, assuming the maximum of the illumi-
nating light intensity coincides with the optical axis of the system, we
can infer that the ground mode maximum lies on the axis of the
Fourier plane, s = 0, which coincides with the optical axis. Equation
(9) then implies that the intensity maxima of all the other modes are
shifted away from the optical axis by Afv,,,. Thus, the modes located
outside the area blocked by the obstacle are perfectly imaged, whereas
those situated within the area are completely blocked by the obstacle.
By the same token, the modes with the maxima located at the edges of
the obstacle have their images distorted to the point that some fine fea-
tures are completely blurred. The locations of the mode maxima
are governed by the magnitude of v,,,,. As an illustration, we depict in
Fig. 2 our simulation results for the intensity distributions of a single
illuminating pseudo-mode for two pairs of phase shifts v,,, in the
Fourier plane as well as the corresponding images of the object in the
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FIG. 2. Simulation results for the intensity distributions of a single pseudo mode of
a GSM source W|th the Phase shift corresponding to v, = (10,0) mm~" (left)
and v, = (10,4) (right) in the Fourier plane (top) and in the i |mage plane
(bottom) of the 4f i |mag|ng system. The white dashed lines in (a) and (b) represent
the edges of the obstacle in the Fourier plane.

image plane. We can infer that for v,,, = (10,0) mm™ ", the illuminat-
ing mode is located entirely inside the opening of the sector-shaped
obstacle [Fig. 2(a)], and hence the object is perfectly imaged [Fig. 2(c)].
In the case of v,,,, = (10,4) mm ', however, the mode maximum is
located at the obstacle edge [Fig. 2(b)], causing pronounced image dis-
tortions [Fig. 2(d)].

Let us recall that any realistic set of sampling functions of p(v)
must have finite spatial widths Av, and Av, which determine the
required number of sampling points along each of the two mutually
orthogonal directions, and hence the effective number of pseudo-
modes entering the PMD of any given source. In particular,
M = Vimay/Av, and N = Vo /Av,, Where vimay and vymgy are the
magnitudes of the maximal phase shifts of the modes along the v, and
vy axes. AS Vymax and V,may are inversely proportional to the coherence
width of the source, the number M x N of the modes required to faith-
fully reproduce the source increases as the source coherence is reduced.
Hence, a greater number of modes falls into the unobstructed area of
the Fourier plane illuminated by a source of lower coherence than is
the case for imaging with a more coherent source, leading to a greater
image quality in the former case compared to the latter. We note that a
particular shape of sampling functions does not qualitatively affect the
just presented conclusions. In our simulations, we opt for the simplest
case of uniform sampling with rectangular sampling functions of
widths Av, and Av, and heights Av,! and Av, ! along the correspond-
ing axes. The resulting spatial distribution of the image takes the form

M—-1N-1

p) =~ Z men‘q)lmage ‘ (10

m=0 n=0

Simage (

We are now in a position to test our theoretical considerations
using GSM sources with dp = 1.0 mm and 0.1 mm. We display the

ARTICLE scitation.org/journal/apl

corresponding theoretical p(v) functions in the top panel of Fig. 3. In
the bottom panel of Fig. 3, we show the simulation results for the
intensity distributions of the images produced by our 4f imaging sys-
tem with a partially blocked Fourier plane. The simulation results
clearly show that the image quality improves as the spatial coherence
of the source is reduced, which is consistent with our experimental
observations and theoretical predictions. However, we also notice
image distortions, present regardless of the state of coherence of the
illuminating light source, which are known to be caused by the modes
on the obstacle edges [see Fig. 2(b) and 2(d)].

To further improve image quality, we can reduce the contribu-
tion of the modes located at the obstacle edges by modifying the p(v)
function. It follows at once from Eq. (3) that p(v) is governed by the
spatial coherence of the source. We can then engineer the coherence
structure to ensure that as many modes as possible fall into the unob-
structed area of the Fourier plane. We illustrate this point using a
Laguerre-Gaussian Schell model (LGSM) source for which”
p(v) = (@162 2211 1w exp (—27202v2),” where [ is the order
of a Laguerre polynomial. We exhibit the distributions of p(v) with
I=2 and 5 in Fig. 4(a) and 4(d), respectively. The spatial coherence
width d, in both cases equals to 0.1 mm, the same as that of the GSM
source of Fig. 3. The simulation results in Fig. 4(b) and 4(e), as well as
the experimental results in Fig. 4(c) and 4(f), confirm the image quality
improvement as the GSM source is replaced with the LGSM one of
the same coherence width. However, since the majority of the modes
are still completely blocked by the obstacle, as is evident from Fig. 4(a)
and 4(d), the transmitted light intensity is very low, yielding low con-
trast images due to a low signal-to-noise ratio (SNR) [see Fig. 4(c) and
4(9)].

To produce high quality and high SNR images, we propose to tai-
lor the spatial coherence structure of the illuminating source to an
obstacle shape. As the obstacle has a sector-shaped opening in our
case, p(v) can be modified to fit inside the sector shown in Fig. 5(a)
with white dashed lines, which enables all the source modes to

8o = 1.0 mm 8o = 0.1 mm

L

i -z

|

2 mm

FIG. 3. Simulation results for the distributions of p(v) (top) and image intensity
(bottom) with the GSM illuminating light source of spatial coherence width 6y = 1.0
mm (left) and 0.1 mm (right).

Appl. Phys. Lett. 118, 181102 (2021); doi: 10.1063/5.0046288
Published under an exclusive license by AIP Publishing

118, 181102-4


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE ’ scitation.org/journal/apl

p(v) Simulation Experiment

N ||

E
iy
L

n
(LTS
]| IS
1]

L . &
m M=

T

AR
=
BENEOEH
o
|l =
Rl
' 1=
r AR
n » i D) e
" m=’ == =
2 mm

—6.0

—6.0

S ||

= 1)

FIG. 4. Simulation results for the distribution of p(v) corresponding an LGSM illuminating source of order (a) /=2 and (d) /=5. The results of simulations [(b) and (e)], and
experiments [(c) and (f)], for the images produced by the 4fimaging system illuminated by the LGSM sources of orders /=2 and /| =5.

circumnavigate the obstacle. It follows that ¢(s) = 1 holds for all the from Eq. (3) and realized in experiment via a generalized van

source modes which augurs well for the image quality. Once the Cittert-Zernike method.” The results of our simulations and experi-

desired profile of p(v) has been determined, the degree of spatial ments, exhibited in Fig. 5(c) and 5(d), respectively, demonstrate the

coherence of the illuminating Schell-model source can be inferred ~ same (excellent) quality of the image as though the Fourier plane of
our imaging system were unencumbered by any obstacle.

Simulation Experiment In summary, we examined the role of the spatial coherence of the

illuminating light source in optical imaging in a classic 4f imaging sys-
tem with its Fourier plane partially blocked by an opaque obstacle. We
have shown that as the spatial coherence of the source decreases, the
image quality improves although the image distortions are always pre-
sent. We have coached the imaging problem in terms a pseudo-mode
decomposition of the illuminating light source into a set of mutually
uncorrelated modes. We have found that the image distortions can be
interpreted in terms of some source modes having their maxima
located at the edges of the obstacle. We have then explained how engi-
= neering the spatial coherence structure of illuminating light can enable
o= these modes to circumnavigate the obstacle leading to high-contrast
—_ images of the same quality as if the obstacle were absent. We expect
— that the elucidated role of optical coherence structuring in image proc-
. = essing can be instrumental in a multitude of applications, e.g, to high-
= 2 = contrast optical microscopy.
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