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Magnifying Glass

shifted by the distance Dz, the image in the plane z = g be-
comes blurred out into a disc. The maximum shift Dzmax

which still gives an image size of an object point below the
resolution of the eye at the distance s0 is called the focus
depth of the optical instrument. The images within the focus
depth are still regarded as sharp images. The focus depth
depends on the diameter Da of the aperture in the instrument.
This can be seen as follows:

In Fig. 11.7 the point A is imaged by a lens into the point
B. If the object A is shifted to Af at the front side of the focus
depth the image is a circle with diameter u. The same is true,
if A is shifted to Ab at the backside of the focus depth.
According to the theorem of intercepting lines we get from
Fig. 11.7 the relation
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in a similar way the imaging of Ab gives the relation
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:

using the lens equation
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we obtain for the imaging of the points Af, A and Ab the front
focus depth

Daf ¼ a0 " af ¼ b0f 2u
ðb0 " f ÞðDBb0 " DBf þ uf Þ

ð11:3aÞ

and for the back focus depth

Dab ¼ ab " a0 ¼ b0f 2u
ðb0 " f ÞðDBb0 " DBf " uf Þ :

ð11:3bÞ

The front focus depth Daf is therefore smaller than the
back focus depth Dab. Both are proportional to the square of

the focal length f and increase with decreasing diameter DB

of the aperture. The focus depth is therefore increased by
using a smaller aperture diameter Da.

Example

a0 = 1 m, f = 50 mm, b0 = 52.6 mm, u = 0.1 mm.

(a) For DB = 1 cm => Dab = 0.24 m and Daf =
0.16 m.

(b) For Da = 0.3 cm => Dab = 1.8 m and Daf =
0.40 m.

For case (a) the focus depth ranges from 1.24 to
0.84 m, for case (b) from 2.8 to 0.60 m.

11.2.1 Magnifying Glass

A magnifying glass is a lens with short focal length f. It is
placed between object and eye in such a sway that the object
lies in the focal plane of the lens (Fig. 11.8). Therefore a
parallel light beam enters the eye and the object appears at
infinite distance. The relaxed eye can adapt to this infinite
distance. The object with diameter A appears for the eye
under the angle e ¼ A=f . Without magnifying glass the
object would appear at the clear visual range s0 under the
angle e0 ¼ A=s0.

The angular magnification of the magnifying glass is then

VM ¼ tan e
tan e0

¼ A
f
& s0
A

¼ s0
f
: ð11:3cÞ
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Fig. 11.7 Definition of the focus depth for imaging by a lens
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Fig. 11.8 Magnification of the visual angle e by a magnifying glass.
a) If the object A lies in the focal plane, b) if a < f
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In focus within focal range
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Visual Angle

It is interesting that the incident light has to pass through
all layers of the retina before it reaches the photoreceptors.
This is certainly not optimized with respect to the function of
the eye as optical imaging system. The electrical output
signals of the photoreceptors has to be sent back to the nerve
cells in the first layer of the retina, which then send their
output signals to the brain. The question arises whether the
light on its way through all layers of the retina is not scat-
tered, which would blur the image on the photoreceptors and
therefore would decrease the spatial resolution. Only
recently detailed investigations have shown, that some cells
in the retina act as optical fibers which guide the light to the
photoreceptors without scattering.

11.1.2 Short- and Far-Sightedness

For a short-sighted eye the focal length f2 on the image side
is too small. The eye muscle cannot sufficiently stretch the
eye lens (for instance if the eye socket is too small). The
radius of curvature of the lens is then too small. For all
objects at a far distance the image is produced before the
retina (Fig. 11.5a), while objects at very small distances are
correctly imaged. Shortsightedness can be corrected by an
additional diverging lens (Fig. 11.5a) which can be either
carried as eyeglasses or as contact lenses.

For a farsighted eye the eye lens cannot be sufficiently
contorted (for instance because of the visual fatigue of the
eye muscle for older people, called presbyopia). Therefore
the focal length of the image side is too large and the image
of objects lies behind the retina. Here a converging lens is
needed for correction (Fig. 11.5b)

Since the eye acts as an imaging lens, all lens aberrations,
discussed in Sect. 9.5.5 (for instance astigmatism) can occur.
They can be corrected by special grounded eye glasses. For
astigmatism these are a combination of spherical and
cylindrical lenses [3].

11.1.3 Spatial Resolution and Sensitivity
of the Eye

The nearer an object is brought to the eye the larger appears
its size, i.e. the larger becomes the angle e between the light
rays from the edges of the object (Fig. 11.6). At a distance
s of the object with diameter G we get for the visual angle e

tan e=2 ¼ 1
2
G
s
) e " G

s
ð11:1Þ

An object at the distance g has an image distance b ac-
cording to the lens equation

f1
g

þ f2
b

¼ 1 ð11:2Þ
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Fig. 11.4 Relative spectral sensitivity of the three receptor cells a,
b and c in the cones and of the rhodopsin pigments in the rods (dashed
curve) The right ordinate scale gives the minimum power, incident onto
the retina, which can be still detected by the cones, which is smaller
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Fig. 11.5 a) the short-sighted eye with and without a diverging lens,
b) the far sighted eye with and without a converging lens
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(c) Demtröder: Electrodynamics and Optics



Microscope
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(c) Demtröder: Electrodynamics and Optics
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Infinity Optics

(c) Wikimedia



Wiedfield Microscopy
wide field microscope
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(c) Demtröder: Electrodynamics and Optics



Optical microscopy techniques - just a glimpse



Ptychographic Imaging

phase information is captured poorly, since it results only from
illumination angles that are close to the objective NA. Thus, low-
spatial-frequency phase information is more difficult to recon-
struct than high-spatial-frequency phase information, contrary
to the situation for intensity reconstructions. To improve our
reconstruction, we use a linearly approximated phase solution
based on DPC deconvolution [25] as a close initial guess for spa-
tial frequencies within the 2 NA bandwidth. We then run a non-
linear optimization algorithm to solve the full phase problem (see
Section 4.B), resulting in high-quality phase reconstructions with
high resolution [Fig. 2(A)] and good low-spatial-frequency phase
recovery [Fig. 2(B)].

We demonstrate our new source-coded FPM by reconstruct-
ing large-SBP videos of popular cell types in vitro on a petri dish,
for both growing and confluent samples. We observe subcellular
and collective cell dynamics happening on different spatial and
temporal scales, allowing us to observe rare events in both
space and time, due to the large space–bandwidth–time product
(SBP-T) and the flexible tradeoff of time and SBP.

2. RESULTS

A. Validation with Stained and Unstained Samples

A major advantage of quantitative phase imaging is that it can
visualize transparent samples in a label-free, noninvasive way.
Figure 2(A) compares our reconstructions before and after stain-
ing, for the same fixed human osteosarcoma epithelial (U2OS)
sample. With staining, the intensity image clearly displays de-
tailed subcellular features. Stained samples also display strong
phase effects, proportional to the local shape and density of the
sample. Without staining, the intensity image contains very little

contrast and is nearly invisible; however, the phase result clearly
captures the subcellular features. Due to the strong similarity be-
tween the stained intensity and unstained phase, it follows that a
quantitative phase may provide a valid alternative to staining.

To demonstrate the importance of using a good initial guess to
initialize the phase recovery for unstained samples, we compare
the FPM results both with and without our DPC initialization
scheme [Fig. 2(B)]. Both achieve the same 0.7 NA resolution,
with high-spatial-frequency features (e.g., nucleus and filopodia)
being reconstructed clearly, as expected. However, without DPC
initialization, the low-frequency components of the phase are not
well recovered, resulting in a high-pass-filtering effect on the re-
constructed phase, much like Zernike phase contrast (PhC). With
DPC initialization, low frequencies, which describe the overall
height and shape of the cells, are recovered correctly.

Next, we verify the accuracy of the recovered phase values by
comparing to images captured directly with a higher-resolution
objective (40×, 0.65 NA). The reconstruction resolution for our
methodmatches its expected value (0.7NA), as shown in Fig. 2(C),
which shows images of fixed human mammary epithelial
(MCF10A) cells. To validate our quantitative phase result, we com-
pare with that recovered from a through-focus intensity stack cap-
tured with the high-resolution objective, and then input into a
phase retrieval algorithm [41] [Fig. 2(C) and Section 4.C]. The
quantitative phase can be further used to simulate popular
phase-contrast modes such as differential interference contrast
(DIC) and PhC [42]. In Fig. 2(D), we compare an actual PhC im-
age to that simulated from our method’s reconstructed result (see
Section 4.D). Since the PhC objective uses annular illumination
(Ph2, 0.25 NA) to achieve resolution corresponding to 0.9 NA, it
should have slightly better resolution than our reconstruction.Note
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Fig. 2. Large-SBP reconstructions of quantitative phase and intensity. (A) Phase reconstruction across the full FOV of a 4× objective with 0.7 NA
resolution (sample, U2OS). A zoom-in is shown to the right, with comparison with reconstructions of the same sample before and after staining. (B) Our
improved FPM algorithm provides better reconstruction of low-frequency phase information. A zoom-in region shows comparisons between phase
reconstructions with and without our DPC initialization scheme. (C) To validate our source-coded FPM results, we compare with images captured
with a 40× objective having high resolution (0.65 NA) but a small FOV (sample, MCF10A), as well as with sequential FPM. (D) We simulate a phase-
contrast image and compare with one captured by a high-resolution objective (0.65 NA, 40×).
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superresolution - STochastic Optical Reconstruction Microscopy - STORM

Nature Methods 6, 17 (2009).



Structured Illumination Microscopy
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Figure 2.13: Two spots in the image plane at the resolution limit
of an optical microscope. Two spots can be classified as resolved, if
their centers are further apart than the first minimum of the Airy
function (see figure 2.12, the minimum is at 1.22 �). Following this
definition, the resolution can be defined as in equation 2.63. The
height of the intensity dip in the middle of the structure amounts to
26.5%.

ExcitationPinhole DetectionPinhole

Detector/APD

DichroicMirror
MicroscopeObjective

Sample

Figure 2.14: In this figure the principle setup of a confocal micro-
scope is shown. One major component is the pinhole in the detection
arm, which allows a higher resolution in the depth of the sample.
Objects which are not in the image plane are virtually cut out by
the pinhole and do not contribute to the detected signal. In our
experiments the small (125µm diameter) detector area of an APD
was used as a pinhole in the detection arm. The beam quality of
the excitation beam is optimized by the excitation pinhole, in our
experiments usually an optical single mode fiber.

• small excitation volume
ø     300 nm
Δz   500 nm

• small detection volume
• spatial filtering due to pinhole
   (sectioning capabilities)

pro

con

• small excitation volume
   no parallel data acquisition

• imaging by scanning (slow)

filter

(c) Queen Mary University London



Astronomical Telescope (Kepler Telescope)

L2
L1

f1 eye

F1 = F2
ε0

f2

B

focal plane of L2. The lens L2 acts as magnifying glass for
observing this intermediate image. When the symmetry axis
of the telescope (black line in Fig. 11.13) points to the center
of a planet with diameter D, the angle between the rays from
the edges of the planet is 2e0 = D/f1, while the angle between
the rays seen by the observer behind L2 is 2e = D/f2.

The angular magnification is then

VF ¼ e
e0

¼ B
f2e0

¼ f1e0
f2e0

¼ f1
f2
: ð11:7Þ

The angular magnification of the telescope is equal to
the ratio f1/f2 of the focal lengths.

Note The image of an object, formed by the Kepler tele-
scope, is inverted.

Example

f1 = 2 m, f2 = 2 cm ) VT = 100

Remarks:

(a) Equation (11.6) converts to (11.7) for d = f1 + f2 and
s0 = f1.

(b) If one wants to avoid the inversion of the image (for
example if objects on earth are observed) either
inversion prisms can be used (prismatic binocular

Fig. 11.14) or the ocular must be a diverging lens
(Fig. 11.15).

For astronomical observations today generally mirror
telescopes instead of lens telescopes are used (Fig. 11.16)
because spherical or parabolic mirrors can be produced with
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Fig. 11.13 a) Magnification by the Kepler- telescope. b) Determina-
tion of the angular diameter of a planet as angle 2e between the rays
from opposite edges of the planet

Fig. 11.14 Prismatic binocular (with kind permission of Zeiss
oberkochen)
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Fig. 11.15 Telescope with diverging lens as ocular. a) Angular
magnification for an object at infinite distance a = ∞, b) generation of
an upright image for a finite distance a of the object
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Terrestrial Telescope (Galilei Telescope)
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Reflecting Telescope

much larger diameters than lenses [5]. This increases the
luminosity of the telescope which is proportional to the
square of the mirror diameter. The largest today existing
telescopes (European Southern observatory on the Paranal, a
mountain in Chile, and the Keck telescope on Hawaii) have
mirror diameters of 10 m. Still larger telescopes are in
preparation which consist of many mirrors (up to 200)
forming together a parabolic reflecting surface (see Vol. 4,
Chap. 10). The alignment of the different mirrors must be
precise within k/10, which means within 50 nm! This can be
only achieved with laser-interferometric techniques [6].

There are several designs of mirror telescopes. In the
Cassegrain telescope(Fig. 11.16b) the light, falling onto the
large primary mirror is reflected onto a small secondary
mirror which reflects and focusses the light through a small
hole in the primary mirror and an ocular lens images the
light into the eye of the observer. Nowadays electronic
devices (CCD cameras or cooled CCD arrays) are used as
detectors instead of the visual observation.

In the radio frequency range (megahertz to Gigahertz
range) huge parabolic antennas (diameters about 100 m) are

used for the detection of radio waves from the universe). In
Fig. 9.17 the radio telescope in Effelsberg illustrates the size
of such devices. The parabolic mirror can be turned and
tilted to any desired position on the sky within a large
angular range.

11.3 The Importance of Diffraction in Optical
Instruments

In Sect. 11.2 we have discussed that magnifying optical
instruments allow the resolution of finer details of the
observed object. The increase of the spatial resolution is,
however, limited by diffraction. This will be illustrated by
two examples: The telescope and the microscope.

11.3.1 Angular Resolution of Telescopes

We regard in Fig. 11.17b the images of two stars S1 and S2
with the angular distance d generated in the focal plane of a
telescope. Because of their large distance the stars can be
treated as point light sources. This implies that the light from
these stars falling onto the telescope can be regarded as plane
waves. Due to diffraction at the limiting aperture D of the
telescope the image of a star is no longer a point but a
circular intensity distribution I(r) in the image plane, which
is shown in Fig. 11.17a as a cut I(x) in the x-direction. The
diameter d of the central diffraction maximum is

ddiffr ¼ 2f1 " sin adiffr # 2:44 " f1 k=D: ð11:8aÞ

In Fig. 11.17b the diffraction limited intensity distribu-
tions I(x − x1) and I(x − x2) of the images of two close stars
around the central focal points F1(x1, z0) and F2(x2, z0) are
shown in the focal plane z = z0.When the central maximum
I1(x1) coincides with the first minimum of I2(x − x2) the
superposition I(x) = I1(x) + I2(x) of the two images just
barely shows does two distinctly separated maxima, i.e. for
smaller separations one cannot decide whether the observed
intensity distribution is due to two separated sources S1 and
S2 (Rayleigh Criterion) (see also Problem 11.4 and
Sect. 11.5.3). Since the first minimum appears at the diffrac-
tion angle h = 1.22 k/D (see Sect. 10.5) the minimum still
resolvable angle between the light rays from two sources is

dmin ¼ 1:22 " k=D: ð11:8bÞ

For this angular distance the superposition of the two
Bessel functions J1(x − x1) and J2(x − x2) has still two
distinct maxima at x = x1 and x = x2 with a recess of the
total intensity
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Fig. 11.16 Mirror telescope.a) Schematic representation of the angu-
lar magnification (in real telescopes the light is deflected into the eye by
a small mirror before the ocular, b) cassegrain- telescope
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Hubble Space Telescope

Cassegrain telescope
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