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Abstract. We present a technique of three-dimensional (3-D) differential imaging by the way of incoherent digital
holography. We demonstrate that the method is suitable for fluorescence microscopy without the need for unfav-
orable scanning. We acquire the complex optical field of an incoherent volumetric scene at various times and
calculate a complex difference hologram representing only the information, which has changed throughout the
volumetric space during the time intervals in-between. We first demonstrate the advanced capability of self-inter-
ference incoherent digital holography combined with difference holography to track 3-D changes in a broadband,
unfiltered, sunlit scene containing macroscopic continuous objects. This case is particularly remarkable due to
the exceptionally short temporal coherence length and excessive build-up of noninterfering source points. We
then demonstrate the ease of adaptation to the versatile, functional imaging of fluorescence microscopy. ©2015
SPIE and IS&T [DOI: 10.1117/1.JEI1.24.4.043014]
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1 Introduction

Fluorescence microscopy is an indispensable imaging tool in
modern biomedical research. Without the use of scanning
techniques such as confocal scanning microscopy, only
two-dimensional (2-D) images are captured. Confocal scan-
ning methods have excellent depth resolution properties;
however, they suffer several disadvantages, including cum-
bersome mechanical scanning hardware, the need to capture
many separate optical sections to build up a three-dimen-
sional (3-D) image, and increased photobleaching (and pho-
totoxicity for biological specimens) from the necessary
repeated exposure." In contrast, a single complex hologram,
recorded using a simple motionless optical system, contains
sufficient information to recreate the 3-D optical field ema-
nating from the scene, including both amplitude and phase.’

The 3-D recording is made possible by the interference of
the object’s optical field and a reference optical field, and
therefore, requires coherence between the two. In Gabor’s
original conception, the reference is realized from a part
of the illumination undisturbed by the object.* The invention
of the laser made it possible to explicitly provide a coherent
reference field.’ Because fluorescence imaging is inherently
incoherent, holography has been largely precluded from
fluorescence until recent advancements.

The introduction of Fresnel incoherent correlation holog-
raphy (FINCH) has fully demonstrated the ability to generate
holographic images of incoherent object fields, including 3-
D fluorescence microscopy.®’ In this technique, two copies
of the object wave are superposed with different phase fac-
tors imposed by a spatial light modulator (SLM), so that
every point source on the object produces the Fresnel
zone interference pattern.® We have since developed a tech-
nique conceptually similar to FINCH called self-interference
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incoherent digital holography (SIDH), in which the SLM is
replaced by a modified Michelson interferometer with a dif-
ferential phase curvature applied by its two mirrors.” For
continuous objects or scenes, the spatial incoherence of
the object points leads to rapid build-up of an incoherent
background, which is removed by standard phase-shifting
digital holography.'” The resultant hologram can then be
numerically propagated to any distance to reconstruct the
desired optical field.

We introduce here the process of differential self-interfer-
ence incoherent digital holography (diff-SIDH). While dif-
ferential holography has been an important tool in
coherent holography,'!*!? it is now, for the first time, possible
in incoherent holography. We demonstrate the highly effec-
tive capabilities of diff-SIDH and ease of adaptation to fluo-
rescence microscopy. We first fully demonstrate the process
on scenery of unfiltered broadband natural sunlit objects. We
then demonstrate the easy adaptation to commercial grade
microscopy equipment, successfully converting a profes-
sional 2-D imaging instrument into a powerful 3-D imaging
and tracking tool, followed by a complete demonstration of
its capabilities in fluorescence microscopy.

2 Self-Interference Incoherent Digital Holography

A basic SIDH apparatus is represented in Fig. 1. It consists of
input optics and a modular SIDH configuration [a relay lens,
the interferometer, and the charge-coupled detector (CCD)
array]. The input optics produces an intermediate image
as the input for the SIDH module. The relay lens is selected
and positioned to create an appropriate final image space rel-
ative to the CCD plane (focal planes of interest should
not fall directly on the recording plane for proper self-inter-
ference). The interferometer consists of a beam-splitting
cube and two mirrors of different curvatures. One of these
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Final Im.
spaces

Fig. 1 Experimental diagram for self-interference incoherent digital
holography (SIDH). An input lens, L;,, projects objects in the depth
field of interest, DFOI, into the intermediate image space as input
to the SIDH module. The SIDH module consists of a relay lens, L,,
aniris, P, a beam splitter, BS, a piezomounted mirror, M,, a stationary
mirror, My, and a CCD camera.

mirrors is mounted on a piezoactuator, which is driven by a
5-V ramp signal for full 2z phase shifting. The CCD array
that is used to capture all holograms presented in this manu-
script is an 800 X 600 pixel, 14-bit monochrome camera.
To ensure interference, the distances of the two mirrors
are matched to within a margin based on the temporal coher-
ence of the desired light source.'® The degree of this adjust-
ment is visibly verified by imaging a single incoherent, out-
of-focus, LED source for best fringe contrast. Then several
exposures of an incoherent illuminated scene are captured
while the phase-shifting piezomounted mirror travels
through at least one full 2z phase excursion. The complex
hologram is calculated from these N intensity profiles, I, by

1 N-1
H=—% 1,7, (M

N n=0

It is this zero-plane (CCD plane) complex hologram, now
devoid of DC and virtual twin images, that is used for further
processing, such as diff-SIDH or propagation to
reconstruction planes. A minimum of N = 3 is required to
eliminate the unwanted terms; however, we chose N = 20
for all broadband and N = 5 for all fluorescent holographic
experiments presented here to ensure uniform removal of the
DC signal and smooth random noise effects between experi-
ments. This resulting hologram, representing a complex opti-
cal field, is numerically propagated, as per diffraction
theory,3 by desired distances, z;,, described by

Zalp
=2

()]

lh = —

where 7, ;, are the axial positions of the final focal planes of a
desired object plane through the two paths of the interferom-
eter and are measured relative to the CCD plane. For a well-
defined optical system, these values are easily translated
numerically between the object space and final holographic
image space using a thin-lens approximated geometry, as
well as compensation for an image shift due to the
25.4 mm BK-7 beam cube. Figure 2 shows an example of
a broadband sunlit holographic scene successfully recorded
by our SIDH camera using lensing and numerical aperture
(NA) such that the planes of interest are visibly distinguish-
able. Because the coherence length is inversely proportional
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Fig. 2 A natural sunlight holographic image of an 8-mm tall rook in a
window sill 60-cm away and a vehicle (Jeep) in an outside lower-level
parking lot about 35 m away. The hologram is first propagated to the
rook’s focus plane (a), then to the Jeep’s focus plane (b). Note that the
scale bar has been updated to match the focus plane of interest in
each case.

to bandwidth, this presents a notable challenge, which is
overcome by our SIDH process. It is also worth noting
here, for this obvious example, that the lateral scale of
each plane of interest in a hologram changes, as will be
described in Sec. 3.2.

3 Broadband Differential Incoherent Holography

3.1 Overview of Methods and Results

The process of diff-SIDH is applied here to the case of chess
pieces on a chess board illuminated by sunlight through an
office window. Referring to Fig. 1, the components of this
optical system consist of L;; = =75 mm, L, = 50 mm, a
flat piezomounted mirror, M,, and a 600-mm focal length
curved mirror, My. This experiment is summarized in
Fig. 3. The knight is moved from its initial position, as
shown in Figs. 3(a)-3(c), to a final position shown in
Figs. 3(d)-3(f). Figures 3(b) and 3(c) show the initial holo-
gram reconstructed at the back knight and central king posi-
tions, respectively, whereas Figs. 3(e) and 3(f) show the
reconstructions of the final hologram at the central king
and front knight positions, respectively. A difference holo-
gram is calculated from the unpropagated initial and final
complex holograms [Figs. 3(a) and 3(d), respectively]:

AH =H; - H,. A3)

The difference hologram for this experiment is shown in
Fig. 4 and contains the 3-D optical field information of the
knight in both the initial and final positions, while the
unchanged information, including the stationary king, are
absent. In Figs. 4(a) and 4(b), this difference hologram is
propagated to the same back and front knight positions
used for Figs. 3(b) and 3(f), respectively, demonstrating
that this information has been preserved. It can also be
noted that information on the chess board, both overlap
and specular reflection from the knight, is also preserved
in a difference hologram, since this represents changed infor-
mation as well.

3.2 Detailed Analysis and Discussion

From the single complex operation in Eq. (3), the overall
volumetric change of source points making up the scene
is computed and movement of the object points in the
scene is determined in three dimensions. For any point, or
group of points such as an object, a 3-D displacement vector
can be calculated describing the movement between the time
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Fig. 3 Sunlit initial and final complex holograms for diff-SIDH. Chess pieces, knight and king, were
arranged as shown in the initial hologram, (a—c). The knight was then moved to a new position and
a final hologram was recorded, (d—f). (a), (b), and (c) are the same initial hologram at the zero-plane
(unpropagated), the knight plane, and the king plane, respectively. (d), (e), and (f) are the final hologram
at the zero-plane, the king plane, and the new knight plane, respectively.

Fig. 4 Differential hologram containing the 3-D information of the
changes only. (a) Numerically propagated to the initial knight plane
and (b) to the final knight plane.

of the initial and final holograms. In the present case, if we
select the eye of the knight as an easy point of reference, a
3-D displacement vector can be calculated showing the pro-
jected path between the two positions. Using the plane par-
allel to the CCD plane that contains the initial eye as our
initial reference and setting the origin on the optical axis,
i.e., at the center of our two-dimensional field of view
(FOV), position vectors can be constructed from the differ-
ence hologram for the initial and final eye positions by

X
v, = [p "xn,&y,,,zn} )

X Y

where px and py are the lateral pixel position coordinates, X
and Y are the lateral FOV’s in pixels, and x,, and y,, represent
the object space FOV’s in units of length. This object space
FOV is, of course, scaled based on the depth plane of interest
at z,, by the relation:

Xn = Xo <Z0Z;Zn> (5)
0

(and identically for y,), where x, is the known object space
FOV at a plane located at z, and z,, is measured from this z,
plane and is translated from z,,, as described in the following
paragraph. For our example, applying Egs. (4) and (5), we
have
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Av =v, —v;
=[-54,2.5,62] mm — [8.9,7.1,0] mm
= [-14.3,—-4.6,62] mm (6)

for the knight’s displacement vector in object space. While
this result is reasonably well verified, by design this example
lacks a well-defined optical axis relative to the scene, so we
will reserve in-depth analysis for more appropriate experi-
ments in Sec. 4. Consequently, we will use this example
to introduce and describe some important concepts before
moving forward.

It is important to consider the relative locations of the sub-
jects of interest, i.e., the depth field of interest (DFOI). Since
we are interested in tracking objects in a 3-D volume of
space, our intermediate image space should consist of an
appropriate volume of space as input for the diff-SIDH sys-
tem. In the above experiment, the DFOI (spanning approx-
imately the axial length of the chess board) is between 350
and 430 mm from the relay lens. This DFOI is translated
through the input and relay optics and the interferometer
to the ranges, z, and z;, of 25.7 to 39.8 mm and 7.62 to
17.4 mm, respectively. Thus, applying Eq. (2), we expect
objects in our DFOI to come into focus within the propaga-
tion range, z;, of —10.8 to —30.8 mm. Of course, these rela-
tionships are nonlinear and a numerical simulation of our
constructed system produces a translation from object
space DFOI into final holographic propagation space as plot-
ted in Fig. 5(a). Specifically, our three object positions of
interest consisting of the 425-mm back knight position,
the 401-mm king position, and the 363-mm forward knight
position are predicted to be in focus at propagation distances:
—11.7, —16.3, and —26.4 mm, respectively. These three
predicted propagation planes were chosen for display in
Figs. 3(b), 3(c), 3(e), and 3(f), respectively. Clearly, these
are appropriate planes for the objects in question.

While the choice of lensing is quite important for defining
the DFOI for a given application, it is the NA that is
most directly related to the system’s depth resolution.
Incorporating an appropriate NA for the current demonstration
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did not pose a noteworthy challenge; however, we believe that
it is important to discuss the relationship to these results, at
least in brief, as it is an important parameter for other appli-
cations. We are able to see, qualitatively, that our holograms
can distinguish between the object planes of interest due to the
degree of blur that exists in the out-of-focus planes. This blur
is described by a parameter known as the circle of confusion,
¢, which is proportional to NA by

o 2NAlz = z|f
Z 9

(7

where f is the lens focal length, z is the position of the in-
focus plane, and z is the position of an out-of-focus plane. The
expected blur in units of pixels versus object space for a stan-
dard (nonholographic) image of our DFOI with the king plane
set to in-focus is plotted in Fig. 5(b). A qualitative comparison
with Figs. 3(c) and 3(e), which are numerically propagated to
this plane, shows that the relationship here is reasonable. For
now, we will use this relationship to describe the general
importance of such a parameter in defining depth resolution.
If we consider a generic focus algorithm for digital imaging, it
will be limited in some way by units of pixels such as we have
used here. For the sake of our qualitative comparison, we may
assign the minimum of one pixel of blur before we detect an
edge to be out of focus; thus, our depth resolution would be
4.9 mm in object space for the region about the king plane.
Note that because the NA varies with the object plane, the
depth resolution will also change depending on the target
within the hologram.

As mentioned earlier, a major challenge in applying SIDH
to broadband sunlit scenery is the severely reduced temporal
coherence. Careful consideration should be taken of image
space NA and mirror geometry to ensure that optical path
differences between self-interfering points will remain

(a) -10

-15

Z;, (mm)
8

350 360 370 380 390 400 410 420 430
Object distance (mm)

~
o
=~
N
(&}

Blur (pixels)

O 1 1 1 1 1 1
350 360 370 380 390 400 410 420 430
Object distance (mm)

Fig. 5 Space and blur predictions. (a) Numerical simulation showing
the holographic propagation distances, z,,, expected for object planes
within the DFOI. (b) Expected image blur in pixels for objects in the
DFOI when the king plane (401 mm away) is brought into focus.
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mostly within this coherence envelope even during phase
shifting. First, comparing a plane mirror and a curved mitror
from a geometric standpoint, some path variation, &, will be
applied due to the curvature difference described by

6 =2f—\/4f> =12, ®)
where f is the focal length of the curved mirror and r is some
radial distance from the vertex (assuming here that this ver-
tex is on the optical axis and conjugate with the plane mirror
of the alternate path). Clearly, from Eq. (8), this variation can
be reduced by limiting the optical field diameter at the mirror
plane. This is easily achieved by reducing the image space
NA, such as by iris adjustment. In fact, minimizing this field
diameter at the mirror plane to that necessary to fill the CCD
may significantly reduce the DC build-up, as well as random
nonharmonic effects,'® putting less strain on the phase-
shifting process allowing for quicker capture rates with
fewer necessary exposures per hologram [N in Eq. (1)].
Alternatively, or in tandem to this option, the plane mirror
can be replaced by a second curved mirror, provided differ-
ential curvature between the two is maintained. The path
variation due to the mirrors then becomes the difference
between the variations, 6,,, for each curved mirror of
focal length, f, .

We would like to briefly comment on chromatic
dispersion for the broadband qualitative experiments pre-
sented above. Equation (1) is valid for the period, i.e., the
27 excursion, which is dependent on a representative wave-
length of the illumination. For this unfiltered case, it was rea-
sonable to assume a representative wavelength of the
resulting monochromatic complex hologram of the black
and white object scene to be 550 nm for the subsequent dif-
fraction. If a more quantitative approach is desired, a narrow
band filter can be applied to minimize dispersion. In fact,
tricolor filtering, in which each band is processed separately,
can be performed to reconstruct full-color holograms from
natural light."

While some of the noted constraints have prompted a nec-
essary compromise for the challenging broadband applica-
tion presented in this section, it must be noted that other,
much more significant, applications may impose no substan-
tial compromise. Fluorescence microscopy, for example,
involves narrow-band emission and often point-source-like
structures, which are much less constraining on the SIDH
module promoting substantially higher rates of holographic
capture and greater freedom in NA.

4 Differential Holographic Fluorescence
Microscopy

4.1 Overview of Methods and Results

In preparation for working with fluorescence microscopy
materials and instruments, we fabricated a modular SIDH
system which we mount directly to the camera port of stan-
dard commercial microscopes. In essence, referring to Fig. 1,
the input lens, L;,, is replaced by the microscope as an input
device to generate the intermediate image space for the SIDH
module. In this way, bright-field or fluorescent microscope
images are successfully recorded as complex holograms con-
taining the 3-D volumetric information of the object space
extending above and below the microscope’s normal input
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plane. This SIDH module has a relay lens, L, = 40 mm, and
mirror pair, M, and M,, of focal lengths 100 and 75 mm,
respectively.

In this section, the module is applied to the camera port of
a commercial microscope which has been set up to allow for
fluorescence excitation by a 532-nm laser applied at an
oblique angle to avoid direct illumination into the objective.
We use 1.0-um beads labeled with a fluorophore of 540-nm
peak excitation and 560-nm peak emission and apply a 560-
nm band pass filter to the imaging side. A separate transla-
tion stage is constructed for controlled 3-D translation of a
coverslip containing fixed beads, while a thin bead matrix,
frozen in a polyacrylamide gel, remains stationary on the
microscope stage. Due to the narrow band, the number of
frames used for phase shifting was reduced to 5, thus
improving the holographic capture speed.

A summary of this experiment is shown in Fig. 6.
Figures 6(a)-6(c) represent the initial, final, and difference
holograms, respectively, all propagated to a plane located
within the stationary gel matrix of beads. Notice that at
this plane, that the static bead matrix, principally in-focus,
is present in Figs. 6(a) and 6(b), but is absent in Fig. 6(c),
while the bead groupings from the more distant translated
coverslip are individually visible as out-of-focus projections
in Figs. 6(a) and 6(b) and together in Fig. 6(c). The same
holograms appearing in Figs. 6(a) and 6(b) are shown in
Figs. 6(d) and 6(e), but are now reconstructed on the initial
coverslip plane and the final translated coverslip plane,
respectively. Figures 6(f) and 6(g) show the same difference
hologram [Fig. 6(c)] reconstructed on the same plane as in

Fig. 6(d), then on the same plane as in Fig. 6(e), respectively.
Thus, the difference hologram has successfully maintained
only the information on the distant fluorescent bead group-
ings, which were translated during the time interval.

4.2 Detailed Analysis and Discussion

By applying an SIDH module to a commercial microscope,
we no longer have knowledge of the optical components of
our entire system. While the SIDH module is known and
characterized, the enclosed microscope system remains
unknown. It is, therefore, not feasible to numerically simu-
late this system as a whole in order to translate back and forth
between object space and the final holographic space for the
purpose of depth analysis. Fortunately, we can derive the
necessary relationship for the unknown optical system.

It is not necessary, or particularly useful, to predict an
object location in reference to a part of the imaging system,
such as the microscope objective or a principal plane, but
only in reference to other object positions within the sample
of interest. We, therefore, look only at the differentiable rela-
tionship of the object space and image space for the unknown
system, the microscope. We will derive this relationship here
by treating the microscope as a set of two unknown lenses;
however, the important aspects of the result hold true for a
system of any number of unknown elements. From geomet-
ric optics considerations, we start with the relationship
between object space, z,, and final image space, z;, for
this system:

Fig. 6 Differential SIDH fluorescence microscopy with translational and stationary bead layers (pseudo-
color). (a), (b), and (c) represent the initial, final, and differential holograms, respectively, all reconstructed
at a plane of the stationary bead matrix. (d) and (e) are the same holograms, (a) and (b), respectively, but
now reconstructed at the initial and final z-translated bead position planes, respectively. The difference
hologram, (c), is likewise reconstructed to these initial and final z-translated planes (f) and (g), respec-
tively. Note, for the difference hologram, the absence of the stationary matrix and the presence of both

positions of the translated beads.
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_ Nild=1rz/(z - fo)]
d=fi=faz/(zi—fa)
where f; and f, are the lens focal lengths and d is the dis-

tance between them. Differentiating with respect to final
image space, we get

®

20

dzy _ 1113 . (10)
dz; [~fifa—dfy+ (=d+ f1 + f2)z]?

The inverse relationship then takes on the form:
Az

‘i =a+ bz + 2, QY
Az,

where the constants a, b, and ¢ are entirely defined by the
constants of the unknown system. An iterative exercise of the
chain rule applied in Eq. (10) will show that Eq. (11) holds
for any number of elements that may be hidden within the
unknown system. Note, also, that the unknown position of
the principal planes is of no consequence to these relations.
Since our SIDH module is known, a calibration experiment
can be performed on the microscope to allow translation
between the object and final holographic space through
the shared intermediate image space, z;, by fitting the sec-
ond-order polynomial solution to the calibration data.

We perform this calibration experiment by recording
holograms of a selected fluorescing bead, or group of
beads, while translating in controlled steps along the
z-axis. We then determine the best focus z;, value, by the
method described in the following paragraph, for each con-
trolled z, step. The appropriate z; is converted from each z;,
and Az;/Az, is calculated between each step. Figure 7 shows
the resulting prediction curve compared to the input calibra-
tion data.

To test the success of this prediction curve, we perform a
multistep controlled diff-SIDH experiment. A new fluores-
cent bead of interest is positioned toward the left of the
FOV at some starting position relatively close to the micro-
scope objective and translated in steps of Ax =20 ym
(toward the right) and Az = —12.7 um (away from the

Calibration data vs prediction curve

Prediction
O  Cal. Data

Az, (mm)
)
o

-800 -600 -400 -200 0
Zp,, (mm)

Fig. 7 Calibration versus prediction. The collected calibration data
are used to produce the extended prediction curve relating holo-
graphic propagation to axial object space position through an
unknown optical system.
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objective) while a hologram is recorded at each step.
Then a series of differential operations are performed as
described by Eq. (3), where the resulting AH of each step
becomes H; for the next step. This produces a single differ-
ence hologram containing all of the recorded positions of the
reference bead [Figs. 8(a) and 8(b)]. A horizontal selection
line passing through each position of the bead is used for a
numerical depth scan to determine the appropriate z;, value
for each position [Fig. 8(c)]. In order to select the best rep-
resentative values, a Gaussian model is fit to each position, as
shown in Fig. 9. The result of this peak selection (the
Gaussian parameter describing the mean) is then plotted
on the prediction curve in Fig. 10. Now, selecting the best
representative lateral position values similarly [Figs. 9(c)
and 9(d)], the results are tabulated for all six positions of
this bead in Table 1.

We should note here, as mentioned in Sec. 3.2, the pre-
cision with which we determine the lateral and axial values
varies with the axial plane of interest. This is easily recog-
nized, particularly for the axial component, by the difference
in Gaussian distributions in Fig. 9 for the six bead positions.
We can relate these distributions, statistically, to the level of
confidence with which we report the peak values. For exam-
ple, by the central limit theorem, we know that the standard
deviation in the mean is related to that of the whole distri-
bution by:'®

Numerical propagation scan

(©)

Zp, Mm
|
N
o |

150 200 250 300 350 400 450 500 550
Pixel position on scan line

Fig. 8 Multistep diff-SIDH fluorescence microscopy (pseudocolor).
An iterative series of differential operations for an x- and z-translated
fluorescent bead of interest (indicated by dashed box) results in the
difference hologram, (a) and (b), containing all six positions. (a) and
(b) represent reconstruction at the first and last of the six bead posi-
tions, respectively. (c) A numerical propagation scan of the hologram
through z, showing the reconstruction of a selection line passing
through all bead positions.
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(a) Holographic axial gaussian peak fits (Pos1) (b) Holographic axial gaussian peak fits (all)
1800 . . . . : 1400 ; . : . .
—Fit
1600 | Pos1 data 1200 Pos1
£ 1400 - 2
c £ 1000 |
S 1200 >
el o
@ 1000 f © 8001
[0} )
kS 800 3 60
S 600 S
3 g 400}
< 400 <
200 200 ¢
0 . 0 .
—60 -60 -40 -20 0 20
Zy,, mm Zy,, mm
c) Lateral position gaussian peak fits (Pos1) ) Lateral position gaussian peak fits (all)
1800 . . . : 1500 : . - - . - .
—Fit Pos1
1600 Pos1 data || /
® 1400 | 9
'c 'c
S 1200 | > 1000 Pos2
£ £ Pos3
1000 |
q“;' $~ Pos4 Pos3 Pos6
o 800 ko] \ /
2 2
S 600 S 500 |
S (S
<C 400 | <
200
0 : : : 0 : : : : : : :
200 210 220 230 240 250 150 200 250 300 350 400 450 500 550
Pixel position Pixel position
Fig. 9 Gaussian fit peak selection. (a) An example plot showing the comparison of the holographic
propagation, zy,, scan data for bead position 1 with its Gaussian fit. (b) Results of Gaussian fits for
all six z, bead positions. (c) The lateral pixel position data for position 1 with its Gaussian fit.
(d) Results of Gaussian fits for all six lateral bead positions.
6, = o (12) Remember that the depth scan sampling resolution is

NG

where o is the standard deviation determined from the
Gaussian fit and n is the number of samples used to produce
the fit. From this relation, we see that as ¢ increases for more
distant planes, it may be necessary to improve sampling
resolution, and thus increase n to help compensation.

Table 1 Multistep differential self-interference incoherent digital
holography fluorescent bead positions.

Experimental  Lateral pixel Lateral object z, value Axial object
[x, Z] shift (um)  position shift (um)? (mm)  shift (um)°

[0, 0] 2214 0 -4.0 0
[20, —12.7] 269.0 19.3 -7.9 -10.3
[40, —25.4] 318.0 39.2 -163  -28.6
[60, —38.1] 368.7 59.8 —220  -39.1
[80, —50.8] 417.0 79.5 -284  -50.3
[100, —63.5] 4702 101.2 -36.7  -623

2Determined from Egs. (4)—(6) and relative to initial position.
®Determined from z, value on prediction curve.

selected in postprocessing of the already recorded hologram
and is completely numerical, thus it does not affect or con-
strain the optical system whatsoever.

Finally, returning to our layered fluorescence diff-SIDH
experiment from Sec. 4.1 (Fig. 6), we determine a meaning-
ful displacement vector of the translated group of beads.

Experiments versus prediction

0 | —— Prediction
O Multistep exp
g -0.02F | O Layerexp
§
1 = L
g | 0.04
1S N=
N° +« —0.06
< £
S -0.08
-0.1
_012 1 1 1 1 1
-100 -80 -60 -40 -20 0

Zh‘ mm

Fig. 10 Experiments versus prediction. Data from both the layered
(Fig. 6) and multistep (Fig. 8) fluorescence diff-SIDH experiments
are plotted with the prediction curve (Fig. 7) for comparison. The
experimental points consist of the intended z-translation in object
space and the Gaussian fit peak determined best focus value for z,.
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First, selecting a bead of reference in the translated bead
group, then applying the numerical propagation scan,
axial, and lateral Gaussian peak fitting, and finally
Egs. (4)-(6), we get the displacement vector, [—51.0x,
—51.1y,—74.0z] ym. We compare this with the intended
translation of [-50x, —51y, —76z] pm. We plot, in Fig. 10,
this experiment’s fit-determined z;, values of —22 and
—89 mm for the initial and final positions, respectively,
and the intended object space z-translation for comparison
with the prediction curve and find acceptable agreement.

5 Discussion and Conclusion

We have demonstrated that our SIDH process can bridge the
gap between 3-D holographic imaging and existing incoher-
ent imaging technologies spanning telescopy, photography,
and microscopy from broadband sunlight to functional fluo-
rescence. Our SIDH method has the advantages of speed,
simplicity, and reduced risk of photodamaging effects
over scanning technologies and because an interferometer
is used in place of an SLM, SIDH is much more cost effec-
tive to implement than the competing FINCH technology. By
combining SIDH with differential holography, we have dem-
onstrated the ability of a single complex operation to effi-
ciently and effectively catalog 3-D changes in a crowded
volumetric scene. Additionally, by briefly demonstrating
the use of numerical peak-finding methods for 3-D point
location, we suggest that the entire process is suitable for
automation for applications of machine vision as well.

Our near future aim is to record 3-D fluorescence profiles
and track florescent tags in living organisms without the
use of phototoxic raster scanning. Even without a change
in position, our method may also be sensitive to fluorescence
intensity changes due to ligand binding and molecular
conformation changes, which has been of interest.'”!8
Additionally, we aim to improve the measurement precision
of the biological cell traction force previously measured by
quantitative phase imaging of surface wrinkles caused by
cellular movement.'® In this case, a fluorescent bead matrix
in a deformable gel substrate will be tracked by differential
fluorescence holography during cellular motion across the
substrate, such that small variations of the bead positions
are related to cellular traction force.

Although we have demonstrated significantly improved
holographic capture rates for narrowband applications, we
are currently developing a single-shot, off-axis SIDH
method, which will eliminate the need for phase shifting
by incorporating a slight tilt between the self-interfering cop-
ies.”’ This may be quite significant for dynamic biological
applications, where temporal resolution is important as
well as vastly improved frame rates for 3-D holographic
video photography.
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