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Abstract

Fresnel incoherent correlation holography (FINCH) shows great advantages of coherent-light-source-free,
high lateral resolution, no scanning, and easy integration, and has exhibited great potential in recording
three-dimensional information of objects. Despite the rapid advances in the resolution of the FINCH
system, little attention has been paid to the influence of the effective aperture of the system. Here, the
effective aperture of the point spread function (PSF) has been investigated both theoretically and
experimentally. It is found that the effective aperture is mainly restricted by the aperture of the charge-
coupled device (CCD), the pixel size of the CCD, and the actual aperture of the PSF at different recording
distances. It is also found that the optimal spatial resolution exists only for a small range of recording
distance, while this range would become smaller as the imaging wavelength gets longer, leading to the
result that the optimal spatial resolution is solely determined by the actual aperture of the PSF. By further
combining the FINCH system with a microscopy system and optimizing the recording distance, a spatial
resolution as high as 0.78 um at the wavelength of 633 nm has been obtained, enabling a much higher
quality imaging of unstained living biological cells compared to the commercial optical microscope. The
results of this work may provide some helpful insights into the design of high-resolution FINCH systems
and pave the way for their application in biomedical imaging.
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Incoherent digital holography is a promising three—diB”naetgsA(\)/gﬁggﬁitti;al recording technolbgyestigatitabiysthe ef
the holography to use light sources with a wide bandwidth, thus eliminating the demandBfi48r3ba6ertiz09 1)%0
stable optical setup in common coherent digital holoéﬁéﬁﬁ@[‘ﬁﬁ@ill now, various kinds ef-incoheren®,0AThis i
digital holography have been investigated [3-12] andRasyepegs midely used in the areas such as

fluorescence microscopy imaging [13-15], color holo%i’?epdh% [1(1651 71, aberration compensﬁon in adapQ@ev
optics [18] and spiral phase contrast imaging [19,20]. Amoné/ them, Fresnel incoherent correlation

holography (FINCH) [3] is an in-line, single-channel pAd§tFi€srferometer that contains a spatial light

modulator (SLM) and a charge-coupled device (CCD).BT(.;&%M@ths as both a beam splitter and a phase

shifter. The incident beam emitted from a single-point object is modulated by the SLM and split into two
beams which interfere with each other to form a Fresnel zone plate-like hologram, called point spread
function (PSF) [21], at the surface of the CCD. The summation of all the PSFs created by each point source
gives the hologram of a spatially incoherent object. Comparing with other incoherent holographic

techniques [22], the FINCH system shows many potential advantages such as high resolution which is

beyond the Rayleigh diffraction limit [23], no time and space scanning so that a high imaging speed could

be attained, and easy to match with existing optical systems [19,24,25,26]. During the past decade, many
efforts including adopting synthetic aperture [27,28], polarization multiplexing [29,30], dual lenses
multiplexing on SLM [31], structured illumination [32], and using a glass lens and a liquid crystal gradient

index (GRIN) lens to replace the SLM [33], have been made to improve the resolution of the FINCH system.
However, the factors that influence the spatial resolution of the system have not been fully explored. It is
generally known that the effective aperture of the PSF is an essential factor that determines the spatial
resolution of a FINCH system [30]. However, with the change of the recording distance, the effective

aperture of the PSF might be determined by its own aperture size, the CCD aperture, or the CCD pixel size.

So far, collaborative analysis of the above factors on the spatial resolution of the system is still lacking.

In this paper, the factors that influence the spatial resolution of the dual-lens multiplexed FINCH system are
systematically investigated. It is found that the effective aperture of the PSF could be constrained by the
pixel size of the CCD, the aperture size of the CCD and the actual aperture of the PSF. Both theoretical
analysis and experiment results for different recording distances have shown that the spatial resolution of
the system depends mainly on the effective aperture related to the aperture of the PSF. Meanwhile, by
combining it with a microscopy system and recording at an appropriate distance, a spatial resolution as
high as 0.78 pm has been obtained for the FINCH system, enabling high-quality imaging of unstained living
biological cells.

2. Theoretical analysis of the resolution for the dual-lens FINCH
system

Figure 1 shows the schematic of the dual-lens FINCH system. A point source located at (xs, Js, -Zs) induces a
diverging spherical wave on the lens L with the form:
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where A is the working wavelength. The spherical wave passes through the lens L (witivébggiatah of the ef

length of fo) and propagates a distance dto the SLRﬁ,t?HA‘é/%itljar%iltgx amplitude on thesSlg\opiaBecampe%o

expressed as: Equations(26) %O0AThis i
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here 1/ fe=1/ z-1/ fo. Right after the SLM, with the reflection function of

R(x,y) = Bexpl — in(Afy;) " '(x* + %) + i6]

+B’exp[ - lﬁ(lfdz)i l(x2 +y2)]5

where Band B’are constants, 8is the phase constant, 41 and f4, are the focal lengths of the two
diffractive lenses loaded on the SLM. The spherical wave continues to propagate a distance z, and
finally reaches the surface of the CCD. The complex amplitude at the surface of the CCD is as follows:

i e 5 e 5 .
ECCD = Bexp{/{(f1+zh) [(x— zg(fotd) xs) tO- Zs(fe+d)ys) 1 +i6}
, i ne ne

here 1/ fi2=1/(fe+d) -1/ f41,2. The intensity distribution on the surface of the CCD is the so-called
PSF, which can be expressed as:

—ir
Ipsf(x,y) = C+Cexp Z[(x - MTxS)2+(y - MTys)z] —-i0; tc.c.,
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here Ais a complex constant. The image of the point source can be reconstructed from /g by Fresnel
propagation [19] as

7.4 ) )
S(x, y) = P(x, y)Hg(x, y) * eXp[E(x +y9)1

where the asterisk denotes a two-dimensional convolution. A, y) is an aperture function determined
by the effective aperture of the PSF. This image is actually the reconstructed image of a point source
whose distribution determines the spatial resolution of the system [23,30,31]. From formula (6), we
can see that the complex hologram is essentially a convergent spherical wave, and the reconstructed
image obtained by formula (7) is the diffraction pattern of the convergent spherical wave on the
aperture. The corresponding radius of the Airy spot is

0.612z,

I/' =
0 .
R g

where Re¢f is the effective radius of the PSF. According to the Rayleigh criterion and considering the
lateral magnification of the system, the spatial resolution of the system can be then obtained as:

0.612z,
MTReff'
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Fig. 1. Schematics of dual-lens FINCH. L: collimating lens; SLM: spatial light modulator; CCD: charge-

coupled device.
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To better understand the Reff, the following equation is defined:

R = min {Rp, Recps Reols

here Rp, Rccp and Rco are the radii of the PSF, which are determined by the pixel size of the CCD, the
aperture size of the CCD, and the actual size of the PSF, respectively. Hence, the spatial resolution of
the system can be expressed as:

0.614]z,| 0.614|z.| 0.614|z|
A . = max , ,
i M TRP M TRCCD M TRCO

In the following, we will deduce the factors that determine the Rp, Rccp and Rco, and correlate them
with the optimal spatial resolution of the system.
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Under the condition that

T
Gl — Mpx)?+ (v - My )?1+0=C2m— Dz, m=0, 1, 2, 3...
T

the stripes recorded on the CCD are dark rings. The above equation can be simplified into the
following form:

2 A[2m = Dz — 6]

%= , m=0,1,2,3...
T

Similarly, we can get the equation of the bright rings:

5 z A[2mm — 0]

,m=20,1, 2, 3...
T

I
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here & is the pixel size of the CCD. Based on (16) and (17), the corresponding radius Rp can be
calculated to be

As can be seen, Rp is not only inversely proportional to &, but also closely related to the imaging
wavelength and the reconstruction distance.

2.2 Recp constrained by the aperture size of CCD

Since the PSF can not exceed the aperture size of the CCD, when assuming that the photosensitive area of
the CCD is square and the numbers of pixels in both horizontal and vertical directions are the same, Rccp
can be calculated to be

RCCD

here Nis the number of pixels in the horizontal or vertical direction.
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Based on the above discussion, and considering that the two lenses with similar focal length are
usually used in FINCH system [31], we assume that Af= 142 - fd1 << fd1,2, Td1 < fd2, Rccp < RsLm, Zs= To,
then fe—, f1 2 =-141,2. In order to determine the effective aperture of the PSF, we have to consider
the influence of the recording distance (zn) on Rp, Rccp and Rco. This leads to 7 sorting regions along
the recording distance determined by Egs. (21)-(26). As shown in Fig. 3. For regions @ and @), Reff is
determined by Rccp, and for regions @, ®, ® and ®), Reff is determined by Rco, and for region @),
Reff is determined by Rp. It should be noted that the width of the regions @, ®, @, ® and ® is also
related to the imaging wavelength A according to Egs. (22)-(25). With the increase of A, the regions (®,
@ and ® all shrink towards the center P where the optimal spatial resolution is located. Therefore,
there is a critical wavelength; when the wavelength increases to the critical wavelength, P3 and P4 will
coincide at the point P, and the region @ will disappear. For wavelength longer than the critical
wavelength, the spatial resolution is only related to Rco for the recording distances from P; to Pe,
which means Reff = Rco.

Py =fq — Reen/a)/Rsiws

Py = [(fdl ti) — \/(fdz —faD)* + 80 Reeplfur —fa) /A |/2,

Py =fp =20 R MUan —Sa)/ Mars
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In this section, we have systematically analyzed the effective aperture of the system, which is related to the

pixel size of the CCD, the aperture size of CCD, and the actual aperture of the PSF (Rp, Rccp and Rco).

Specifically, the influence of the recording distance has been discussed. In the following, we will try to

elucidate the influence of the above factors experimentally.

3.

Experimental results

The experimental setup of the FINCH system is shown in Fig. 4. The incoherent light source is a Xenon lamp
(CEL-TCX250, 250W). BF is a bandpass filter with a peak wavelength of either 633 nm or 500 nm and a
bandwidth (full width at half maximum) of 20 nm. The tested object is a USAF1951 resolution target. The
SLM is phase-only (Holo-eye Pluto, 1920%1080 pixels, 8 um pixel pitch), fq1 and fq are 245 mm and 255
mm, respectively. The focal length of L4 is fixed at 60 mm while a value of either 250 mm or 100 mm is used

for Lp. BS1 and BS; are the beam splitter cubes. The distance between the collimating lens L, and the SLM

is d=130 mm. The polarization of the polarizer is adjusted to the direction specified by the SLM. The CCD
(Q-IMAGING digital camera RETIGA 6000, pixel size 6c=4.54 pm) has 2750x2200 pixels. For the convenience
of subsequent processing, we use only 2048x2048 pixels here. Under these experimental conditions, P3 will

coincide with P4 at a critical wavelength of 312.2 nm. Therefore, we speculate that the spatial resolution of

the system is independent of Ry, in the whole visible wavelength range. In the first group of the experiment,

the imaging wavelength is 633 nm. The focal length of the collimating lens L is 100 mm, corresponding to a

magnification My of 2.5, and the test object is placed on the front focal plane of L. We can calculate that
P1=-18.6 mm, P>=223.7 mm, P3=252.4 mm, P4=247.4 mm, P5=276.3 mm, and Pg=529.5 mm. Since P3> Py,
the spatial resolution of the system is no longer determined by Rp, but only related to Rco for a wide range

of recording distances, for instance, from P, to Ps.
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Figure 5 shows the reconstructed images of the USABRSK1tPetBRtion target at different recording distances
from 230 mm to 270 mm with an interval of 5 mm. According to Egs. (9) and (20), the spatial resolution of
the system is best when the record distance satisfies the condition of zn =2 fy1 fq2 / (f41 + f42), which
corresponds to Fig. 5(e), with a recording distance of 250 mm.

Fig. 5. Reconstructed images of the USAF1951 resolution target at recording distances from 230 mm
to 270 mm, with an interval of 5 mm. The imaging wavelength is 633 nm, and the focal length of Ly is

100 mm.
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In Fig. 5(e), the fifth unit of the sixth group can be distinguished, with the corresponding spatial resolution
of 4.92 pm, which is consistent with the value (4.47um) estimated by Rco. In contrast, the spatial resolution
values calculated by Rccp and Rp are 0.08 um and 2.22 pm, respectively, which deviate greatly from the

experimental results. These results coincide well with the above analysis of spatial resolution of the system.

To make a quantitative comparison for the results in Fig. 5, Fig. 6 presents the visibility of the sixth unit of
the fourth group for the reconstructed images in Fig. 5. The visibility is defined as (Imax-Imin) / (Imax*Imin).
which is a standard quantity used to characterize the resolution [23]. The visibility first increases and then
decreases with the increase of the recording distance and reaches the maximum of 0.57 when the
recording distance is 250 mm, which is corresponding to the recording distance znh =2 fq1 fd2 / (fg1+ fq2).
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To further verify our theoretical analysis, we performBackriothep set of experiment with a different imaging
wavelength of 500 nm and a focal length of 250 mm for L,. Other experimental parameters were kept the
same as those in Fig. 5. Under these configuration parameters, P1=-18.6 mm, P,=220.5 mm, P3=251.7 mm,
P4=248.1 mm, P5=279.5 mm, and Pg=529.5 mm. Figures 7(a)-(c) show the reconstructed images at the
recording distances of 245 mm, 250 mm and 255 mm, respectively. The best spatial resolution is also
obtained when the recording distance is 2 fq1 fq2 / (fg1 + fg2), as shown in Fig. 7(b), where the fifth unit of
the fifth group can be distinguished, corresponding to a spatial resolution of 9.84 pm, which is consistent
with the value (9.00 pm) estimated by Rco and deviated greatly from the values estimated by Rccp (0.16
pm) and Rp (5.54 pm). Again, the experimental results agree well with the above theoretical analysis of the
spatial resolution of the system.

Fig. 7. Reconstructed images of the USAF1951 resolution target at recording distances of 245 mm,

250 mm, and 255 mm. The imaging wavelength is 500 nm, and the focal length of L is 250 mm.
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Since the FINCH system is believed to be compatible with existing optical systems, we also study the
microscopic imaging performance of the system. A 20x 0.4NA objective lens with a working distance of 5.9
mm is placed in front of the BS1 (see Fig. 4) to form a FINCH-based microscopic imaging system. The
objective lens plays the role of pre-magnification, and the image formed by it is on the front focal plane of
Lo. Figure 8 shows the microscopic imaging results of the resolution target at the best recording distance
with the working wavelength of 633 nm. In Fig. 8(a), the third unit of the ninth group can be clearly
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Fig. 8. (a) Reconstructed image of the resolution target from the FINCH-based microscopic imaging

system; (b) Normalized intensity profiles of the argg%chﬂT(g?depicted by the red and blue lines.
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Due to the high spatial resolution of the microscope system, we further used it to image living biological
cells. Figure 9(a) shows the microscopic imaging results of the unstained living oral epithelial cells. For
comparison, the image captured by an optical microscope (Nikon Eclipse TS100) is also presented in

Fig. 9(b). It can be seen that the FINCH microscope has higher spatial resolution under the same
magnification. As shown in Figs. 9(c) and 9(d), the image from the FINCH microscope shows clearer
boundary information and more legible information of the cell membranes and the cytoplasm. Although
the brightness is inferior for the FINCH microscopic system, this could be circumvented by increasing the
intensity of the light source or extending the exposure time. Meanwhile, the light source image in Fig. 9(a)
could be also eliminated by using a light source with better uniformity. Figure 9(e) shows the phase of
complex hologram corresponding to Fig. 9(a). It is worth mentioning that external aberrations such as
misalignments are likely to cause little influence for current system. Intrinsically, the FINCH system is
relatively simple so that the external aberrations are believed to be not as severe as classical holography. In
fact, the key advantage of FINCH is that the object itself serves as the light source, enabling three-
dimensional imaging from any object, either by reflection or emission of light such as fluorescence. Thus a
coherent laser light source and the associated precise alignment of a reference and sample beam
concomitant with classical holography are not needed [34]. In addition, during the experiment, we have
carefully adjusted the system’s optical path by using a He-Ne laser for collimation. We have also captured
the image without the object as the background, which was later removed when captured the image of the
object. This can further minimize the influence of the external aberrations, including the surface error of
the optical elements in the system. Overall, the above results indicate that the FINCH system may have
great potential application in the field of unlabeled biomedical imaging.
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4. Conclusion

In conclusion, we have investigated the factors that influence the spatial resolution of the dual-lens
multiplexed FINCH system theoretically and experimentally. It is found that the effective aperture is mainly
restricted by the aperture of the CCD, the pixel size of the CCD, and the actual aperture of the PSF at
different recording distances. The optimal spatial resolution exists only for a small range of recording
distance, while this range would become smaller as the imaging wavelength gets longer, leading to the
result that the optimal spatial resolution is solely determined by the Rco. By further combining the FINCH
system with a microscopic system, a high spatial resolution of 0.78 pm at the wavelength of 633 nm has
been achieved and be successfully used to image the unstained living oral epithelial cells, which shows
more legible information of the cell membranes and a clearer view of cytoplasm compared with the
traditional optical microscope. The results of this work may provide some helpful insights into the design of
high-resolution FINCH systems and would pave the way for their application in biomedical imaging.
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