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PREFACE

This thesis presents the design consideration of an improved scanning optical
microscope (SOM) and its adaptation to the second harmonic mode of imaging. The
basic principle of the modem scanning optical microscope is that the intense beam of
laser light is focused to a diffraction-limited spot and is used to scan the specimen, point
by point in a raster form. The transmitted or the reflected light is detected by a photo-
detector, which converts the optical signal to the electric signal. These signals are
processed and then displayed on a monitor as image.

Very high power density of the scanning spot of the SOM due to the use of
focused laser light gives rise to second harmonic generation from non-linear specimen
having no centro- symmetricity. Detecting these signals and then constructing images of
different samples, second harmonic mode of imaging can be adapted on the SOM. Our
work mainly consists ;af designing the scanning optical microscope of improved type with
reference to mode of scanning and its adaptation for second harmonic imaging. To
improve the resolution we make the confocal arrangement also.

In chapter I, we introduce these ideas having relevance to the work of scanning
optical microscope and also furnish the stages of its gradual improvement.

Chapter II contains the complete designing technique of the scanning optical
microscope. In this chapter, we also discuss how the microscope can be improved for
confocal imaging, 3-d imaging through z-movement of the objective and also how the

second harmonic imaging mode can be adapted.



Chapter III is the review of the theoretical part of the scanning optical
microscope and second harmonic generation.

In chapter IV, we devote ourselves to experimental work as regards the
comparison of the images of designed conventional SOM with those of the second
harmonic scanning optical microscope (SHSOM) and also those of the confocal SOM
and some applications of SHSOM.

Chapter V includes a look into the future as regards improved design and
application of second harmonic microscope in studying material as well as biological
samples.

Anjali Sarmah (Goswami)
22™ September, 2006

Tezpur
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CHAPTER 1

INTRODUCTION

1.1. Introduction:

The long and exciting history of development of the microscope indicates that the
earliest design in its simple form can be attributed to Roger Bacon and his contemporary
Salvino Degli Armati[1] in the 13™ century, though there are claims that the micros_cope
is a gift of the Chinese civilization. Three spectacle makers Hans Jausen, his son
Zacharias and Hans Lippershey[2] of Netherlands have received the credit for the
invention of compound microscope some time between 1590 and 1608. Since then its
improvement is continuing till now which is the era of far-field scanning optical
microscope, near field scanning optical microscope, scanning electron microscope,
scanning tunneling microscope, atomic force microscope etc and thus it becomes a very
powerful tool in scientific development

The scanning optical microscope( SOM) is a device in which a diffraction himited
on-axis spot of laser beam scans the specimen; the transmitted or the reflected beam from
the specimen is detected by a photo detector. The voltage-time signals detected by the
photo detector are converted to the point by point image of the specimen as processed
through some electronic devices and monitored on CRO screen or computer.

The advantage of using a scanning approach in optical microscope can be listed in

brief as follows:



1. Possibility of enhanced imaging through modification of the
optical system.
2. Better lateral resolution.
3. Better contrast. Staining is not required in the biological sample
for contrast.
4. Use of wide range of wavelength.
5. Possibility of studying non-linear properties of material through
second harmonic imaging.
6. Achjeyement of super-resolution.
7. Optical sectioning property through confocal imaging which
results in three dimensional imaging property.
8. Optical Beam Induced Current( OBIC) facilities, delineation of p-
n junctions.
9. Possibility of transmission over a large distance, storing in
magnetic-tap and the large display in a CRO or computer desktop.
10. Sequential imaging which is readily suited for image processing in
computer.
1.2. Review of literature:
As we go through the history of scanning optical microscope it is found that

Young and Roberts[3] first introduced the scanning concept in microscopy in 1951 by



designing a flying spot microscope. They used the demagnified (by an objective lens of a
microscope) scanning spot of a cathode ray tube to scan the specimen and the t;ansmitted
light from the specimen was detected by a photocell. The resultant video signal was
displayed on a CRT monitor. After Roberts and Young, contribution of many scientists
leads this scanning mechanism in microscopy to the present highly improved status
which is discussed briefly as follows.

R. Barer [4] and Hundley [S] added the idea of interference microscopy in
scanning system in 1952. Laub [6] contributed scanning differential microscope. Polze
[7] designed a laser interference microscope

In 1955 Deely [8] used mechanical scanning of an aperture and photomultiplier
tubes as detector which showed the potentiality of SOM in quantitative measurement.
This idéa of quantitative measurement was applied by many scientists latter on such as
Box and Freund [9] adopted a flying spot microscope for this purpose. Dobrowolski et al
[10] used SOM for the measurement of the Diameter of the opaque cylinder. Slater [11],
with the help of Airy disc measured the sub- micron circular aperture. Welford [12] used
SOM for the consideration of rough measurement at the optical limit.

In biology, ultra-violet microscopy has an important role. Montogomery [13]
constructed a flying spot microscope in which he used an ultra violet emitting scanner
tube. It prevents the damage of biological sample due to toxicity of u-v light in

conventional microscope in which photographic recording technique is such that it



requires large exposures. Some other scientists also used ultra violet microscopy through.
different types of technology. Zworykin [14] in 1957 constructed a u-v colour
transmitting microscope by using three u-v wavelengths. He used a television camera
tube as a detector. Mellors and Silver constructed a microscope with Nipkow wheel
scanning arrangement for u-v fluorescence microscopy. Later on, this was reviewed by
Price and Schwartz [15]. Freed used a vibratory mirror scanning system for u-v
microscopy.

Minsky [16] in his reflection and transmission model of scanning microscope
scanned the specimen mechanically and light from the specimen was focused through a
small aperture which ensured that the information is obtained from one particular level of
the specimen. To ensure that light is collected from one depth level, Egger and Petran
[17] used a nipkow wheel for scanning, such that light was made to pass through the
wheel before and after striking the specimen. With the help of this arrangement, one
section of a thick specimen can be studied. The scanning can be achieved by the
movement of the specimen or of a lens in the optical path. This idea was given by
Casperson [18] and Davidovitz [19,20]constructed a microscope using the second method
for scanning. They made arrangement for providing adequate signal to noise ratio. Beyer

[21] discussed the application of laser microscope to biology.



Optical heterodyne techniques had been combined with the scanning microscopy
for phase and amplitude sampling of coherent light field in 1969 by Korpel and Whitman
[22].

The name of another scientist, Petran has to be cited for mentioning the possibility
of super-resolution in S.0 M., which was later on explored by Ash and Nicholls [23] with
the help of super resolution aperture scanning microscopy at optical frequencies.

Laser scanning microscope for pyré-electric image display in real time was
reported by Handi [24] and used for the study of distribution of domains in ferroelectric
crystals.

A group of research workers under the supervision of R. Kompfner and C.JR.
Sheppard [25] in Oxford University designed out a new variety of SOM for studying
transparent object In 1977, R Kompfner, C JR. Sheppard and A. Choudhury [26] in
Oxford University attempted to construct image in scanning optical microscope using
Fourier Techniques to achieve better designing of SOM, including the reflection mode of
imaging. They reported both theoretically and experimentally, the two types of scanning
optical microscope. Those were Type-I and Type-II. The later is also known as confocal
scanning optical microscope. Different aspects of viewing an object in its own second
harmonic light were also mentioned by A. Choudhury [27].

From confocal microscopy, another important idea has been investigated by

Brakenhoff [28] et al (1980). This is the idea of image slices through thick object



Carlsson [29] et al in 1985 have recorded image slices using confocal fluorescence
microscopy and processed these digitally to form stereoscopic image pairs.

The optical sectioning property allows the use of three further imaging
techniques:

The extended focus (Wilson and Hamilton [30], 1982; Sheppard et al, 1983 [31])

The automatic focus (Cox and Sheppard, 1983b [32] ), technique which increases
the depth of field with high resolution.

The third one is surface profiling technique (Caulfield and Kryger, [33] 1978,
Hamilton and Wilson, 1982a [34]; Cox and Sheppard, 1983b [32]) allows investigation of
surface topography.

H. Rohrer and G. Binnig [35] were awarded the Nobel prize for their invention of
scanning tunneling microscope in 1981.

The discovery of the idea of near- field optical microscopy has to be credited to
Synge [36]. Using this idea in the scanning mechanism, gives rise to the scanning near-
field optical microscopy. Vast research works are going on in this field and the name of
only few scientists are mentioned as follows:

T. Pagnot, D. Barchiesi, D.V. Labeke, C. Pieralli, et al [37].

Ulrich D. Keil, Jacob R. Jenson and Jorn M. Hvam [38] et al are working on fibre

coupled ultra fast scanning tunneling microscope.



Atomic force imaging technique was invented by Binnig , Quate and Gerber [39]
in which also the scanning mechanism was used.

The scanning exploration for computer image construction was supported by Ash

The advent of Q-switched laser made it possible to obtain real SHG photograph of
triglycine sulphate crystal [41] and Dauphine twins in" quartz [42]. The structure of
polycrystalline ZeSe was first observed by Hellwarth and Christiansen by using SHG
near the focal point of a tightly focused laser beam as a localized microprobe. They also
observed some features that were absent in the photograph of linear optical microscope
which leads to the concept of SHG microscopy [43].

Gannaway and Shepppard first implemented SHG in scanning optical microscope [44).
They used the 1.064 um CW laser source which limited the range of specimen. A large
input power can only give the effective SHG comparable to the linear optical method.
But such high power from CW source may damage the sensitive specimen. Finally the
advent of mode-locked laser with very short pulses provided a suitable source for
adequate SHG from different types of specimen including poly-crystalline molecular
films [45], thin films [46, 47], aluminum [48] and gold{49]surfaces. SHG in biological
tissue was first reported by Derr et al. (1965) [50] and Zaret (1965) [51] . Later Fine and
Hensen in 1971 reported the details of SHG from corneas, tendon and skin of dog and
rabbit at the incident wavelength of 694 nm [52]. SHG was measured in animal tissue

like chicken muscle and skin by Guo et al [53, 54, 55]. Biological sample like rat- tail



tendon can also be used as a source of adequate SHG under short pulsed laser source
[S6].

Many scientists have been working in the study of membrane by the use of such
harmonic microscope which may help in measuring inter membrane separation,
visualization of membrane potential (Jerome Mertz) [57]. The biological SHG
microscopy has been developed to visualize the endogenous tissue structure. The local
asymmetry in the specimen along the polatization direction of excitation radiation is an
essential condition for generation of second harmonic. Some asymmetries may readily be
found in nature in the biological sample. These include helical geometries exhibiting
"chirality" as are found in sugar or most amino acids, or on a larger scale, filaments or
fibrous bundles. For example, it is well known that collagen, an extracellular protein that
is the main fibrous component of skin,‘ bone, tendon, cartilage and teeth can readily be
imaged with SHG microscopy (Jerom Mertz ).

Guo et al in 1997 [55] and Gauderon et al in 1998 [58] showed that due to
quadratic dependence of the SHG on the excitation intensity, three dimensional imaging
of SHG is possible The three dimensional second harmonic imaging and structural
dependence of SHG may offer a potential non-invasive tool for exploring tissue
components and ultimately disease diagnosis [59]. Study is made on SHG from
biological tissues and the effect of excitation wavelength on it by Xlaoyuan Deng et al
They reported the measurement of SH signals from hyper plastic parenchyma and stroma

in malignant human prostrate tissue under femtosecond pulsed illumination in the



wavelength range from 730 to 870nm. The results in these two regions behave differently
to a considerable extent and thus provide a possible indicator for identifying tissue
components and malignancy.

Depending upon these basic ideas, large numbers of research workers, all over the
world are devoting themselves in this field of work to investigate the improvement of
scanning probe microscopy. The result of these research works expands its field of utility.

1.3 Proposed Research Work:

Keeping in view of its tremendous utility we have started the research work to
design an improved SOM and adaptation of the second harmonic generation on it.

Chapter II contains the complete designing technique of the scanning optical
microscope with an improved mode of scanning. We discuss here how it can be improved
for better resolution by confocal arrangement, 3-d imaging through z-movement of the
objective and also how the second harmonic imaging mode can be adapted. Designing of
data acquisition system with its computer software is summarized here so that
computerized image can be achieved.

Chapter IIl is the review of the theoretical part of the scanning optical
microscope. It includes the measurement of intensity at the detector for both, type I and
type II scanning optical microscope. Resolution measurement for the scanning optical
microscope is discussed. Theory of second harmonic generat.ion for plane wave and for

Gaussian beam is discussed with its application in SOM. In addition to these, a brief



theoretical idea of signal processing for getting computerized image is mentioned.
Moreover, we are concentrating here on modification of a software program for analog to
digital conversion (ADC) unit to utilize it in accordance with our purpose for acquiring
data.

In chapter IV, we devote ourselves to experimental work so that the designed
second harmonic scanning optical microscope (SHSOM) can be used in different
practical purposes. Before constructing images we have detected some signals by our
conventional SOM and SHSOM. Experiments are performed to verify the second
harmonic signal. Conversion efficiency of second harmonic is measured.

The images from different samples show better resolution and better contrast in
second harmonic imaging. We have improved the resolution of SOM by using confocal
arrangement. We have reported here a method for the measurement of second order non-
linear co-efficient from second harmonic images. Some defects, the presence of impurity
in crystals and the position of micro crystals are detected. An attempt is made to use the
SHSOM as a tool of roughness detection of the surface of a sample. Finally, we have
tried to measure the axial resolution of SHSOM and have also achieved the optical
sectioning in SHSOM.

Chapter V includes the conclusions drawn from the presented work and a look
into the future as regards improved design and application of second harmonic

microscope in studying material as well as biological samples.
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CHAPTER 11
DESIGN AND INSTRUMENTATION OF SCANNING
OPTICAL MICROSCOPE FACILITATING CONFOCAL

AND SECOND HARMONIC IMAGING

2.1 Introduction: Variety of scanning mechanism in microscopy resuits in
different types of scanning microscopy, like far field microscopy, near field microscopy,
tunneling microscopy, atomic force microscopy, two photon excited fluorescence
microscopy etc. Considering the principle of far field microscopy, the presented SOM is
designed. The technology is improved in such a way that the second harmonic mode of
imaging can be adapted. In scanning optical microscope, the relative motion between the
focused light beam and the specimen can be achieved by two ways (1) by moving the
light beam, (2) by moving the object. The presented SOM follows the second principle
for achieving this relative motion. The design is further improved to add the z- movement
of the focal plane of the objective through the specimen so that optical sectioning can be
done [60]- [70].

Different components of the designed SOM can be categorized mainly into three
parts:

a) The vibrating system

b) The Optical system

¢) The electronic system

11
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Figure2.1.1Block Diagram of SOM; LS-Laser Source, L1,L.2,L.3- Lenses, BS-Beam Splitter, S-
Sample Holder, D1, D2- Detector, A- Amplifier, Vx, Vy- Horizontal and Vertical Vibrator, Pax, Pay-
Power amplifier, SGx, SGy- Signal Generator, FBC- Fly-back blanking circuit, CRO as Displaying

unit.
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The block diagram of the designed SOM is as shown in the Figure2.1.1. The

Figure 2.1.2 shows the photograph of the experimental set up.

2.2. Designing of different parts of SOM in detail:

2.2.a). The vibrating system:
Proper line scanning and frame scanning of a particular area of the sample, similar to the
television picture scanning is an essential condition for getting an image in SOM. So the
vibrating system designed consists of a horizontal aqd a vertical vibrator which in turn
form the X-Y scanner [71]. Both the vibrators can be designed depending upon the
electro- mechanical method [72] whose principle is same as that of the loud-speaker. A
solenoid of insulated copper is placed inside a cylindrical magnet of diameter 5.5 cm. in
such a way that the coil can vibrate freely when it is energized by a function generator.
The varying current in the form of a saw tooth wave or a square wave from t};e function
generator passes through the coil and converts temporarily the latter to a magnet. The
polarity of the magnet is changed according to the direction of the current. As a result, the
free end of the colil is attracted and repelled by the permanent magnet causing a vibration.
This vibration is transferred to the sample holder through a light flexible spring
connected at the center of one of the vertical edge (for horizontal vibrator) or at the center
of the lower edge (for vertical vibrator). The sample holder is a rectangular sheet of size
6.5 cm x 5.0 cm made of plastic material. At the center, a hole of radius 1.5 cm i1s made
which provides the path of light through the sample. The sample with its substrate can be

fixed within a circular ring having two turns. This ring is placed tightly inside a semi
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circular wire fitted in the sample holder as shown in the Figure. The ring with the sample
can be rotated when needed. In order to restrict the vibration of the object stage only in
the x-y direction the other free ends of the holder are supported by stretched spring
connected in a rigid support as shown in the Figure 2.2.1 The variation of amplitude of
vibration with applied voltage and frequency response for the x- y scanner are studied
and shown by Figure22.2 to Figure2.2.5. The frequency response curves are drawn for
the applied voltage of 15 volt. Each of these two curves shows a peak around the
frequency 800 Hz. This frequency can be considered as the resonance frequency. These
curves help in fixing the applied voltage and frequency of the function generator. The
line scanning is done in the frequency ranging from 50 Hz to 120 Hz while the frame
scanning is done at a slow rate such that more and more scanning line can be obtained in
one complete vertical vibration. The complete time for the latter varies from 20 sec to 50
sec. Generally the applied voltage is taken in the lower voltage side (~2.5 volt) as the
scanning is done in sample of microscopic size. The scanning length and scanning height
over the specimen can be roughly estimated from these four curves. Later on the scanning
length is precisely measured by comparing the number of pixel in an image with that of
an image of known scanning length.

2.2.b). The optical system :

The performance of the scanning optical microscope depends upon the geometry
of the optical system. As far as the type I SOM is concerned, only the aberration of the
objective affects image formation. For confocal SOM (type II) the aberration of collector

is also important [27]. The scanning probe has to be focused to a diffraction limited spot
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size. The resolution of the microscope is an important feature which depends on the NA
of the objective lens. Keeping all these points in view, and also depending upon the type
of experiment, the source, focusing lens, objective and collector are selected.

At the initial stage the He- Ne laser source of different average power ranging
from Imw to 30 mw and of wavelength 6328A are used. For detecting the second
harmonic signal high power pulsed laser is more suitable than the CW laser source [73].
An Nd-YAG laser of 1064 nm wavelength serves as a source for this particular case.
Some other parameters of this laser source are as follows:

During Q- Switched operation
The resultant pulse width (normal) is < 10 n sec (about 6ns-7 ns)
(fast) is 2.5 n sec

Peak optical power = tens of Mega watt

The pulse triggering sequence and timing (frequency): 10 Hz

In selecting the numerical aperture (NA) of the objective, the following points
have to be noticed. To get the high resolution, the NA must be greater according to the

Rayleigh criteria of resolution [74], D= 0.614 .

NA

This resolution limit can be overcome by confocal arrangement. For confocal
imaging we keep the facility of placing a pin hole in front of the detector both in
transmitted and reflected mode of the scanning optical microscope.

On the other hand when the NA becomes greater and greater the angular
distribution of the incident beam becomes broader and broader which may decrease the

intensity of the second harmonic signal due to the fact that only small portion of the
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incident light moving in a particular direction may be matched with the axis of the second
order non~lineaﬁty [75]. As the non- lineér microscopy is ﬁe most important goal of this
research work, we have selected the objectives with moderate N.A. like 40/0.75 and
40/0.65 air objective in order to find the optimum value of NA.

Over and above these, some other optical components are required for harmonic
microscopy. One of them is the appropriate filter for blocking the fundamental light and
to allow in passing the SHG signal which depends on the range of wavelength of the
incident light. A CuSOy color glass filter generally known as Russian blue glass is used
as a red blocking filter which can effectively block the red fundamental light. CuSO,
solution and also some interference filters are also used for blocking the fundamental
wavelength. A half wave plate is used to examine the polarization dependence of SHG
signal and a polarizer to determine the polarization of the SHG.

Another important point in any optical system is the proper alignment of the
beam. For this purpose, an optical bench is designed along with different mounts for each
optical component. For proper alignment of the beam, all mounts are designed in such a
way that these can be moved along and perpendicular to the length of the optical bench.
Moreover, these can be moved up and down to an adequate amount. Figure 2.2.6
illustrates the optical bench with its mounts. In order to achieve the Z- scgnning through
the specimen, a micrometer screw is fitted in the holder for the objective. After getting
gwroper alignment of the beam and proper scanning, the transmitted ray is detected by the
photo detector after collecting it by aberration- free collector. Since the incident beam is

focuscd, the SHG is dominantly emitted off-axis. Therefore, to collect entire SHG the NA
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of the collector must be wide enough [76]. The ratio between the NA of the collector (B) -
to the NA of the objective (o) determines the nature of illumination 1.e if B/ 0. is much
greater than 1, the illumination is incoherent while if it is much smaller than 1, it is
known as coherent illumination. B/ o is approximately equal to unity means partially
coherent illumination which is the central point in the theory of conventional microscope.
But the imaging of the scanning microscope may be explained without this property [77].
Hence the collector, we have used is of NA, 0.8 (air). However, the objective and
collector are sometimes changed according to our purpose of experiment. The same lens
which is used as objective can be used as a collector provided the SOM is used in its
reflected mode. As our aim is concerned with the detection of the second harmonic signal
which is very weak, the detector must be sensitive enough. We use the Til- 81 photo
transistor as a detector when the microscope is used as a conventional (type I) scanning
optical microscope. Some important parameters of this Til-81 type of detector are

tabulated as below:

The electrical characteristics at room temperature (25°C ): [78]

STATIC CHARACTERISTICS:

Min Max
Light current (I}) at Ve = 5 volt 6mA
Dark current( 1g) at V.= 10 volt 100 mA
Emitter — base breakdown voltage ( V(gr)ero) 5V 5V

Atlg-100 pA , Ic=0,Eg=0
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Collector — base breakdown voltage ( Vigrycso) 45V 45V
Atlc=10mA, Ig=0, Eg-0

Collector- emitter breakdown voltage (Vryecoy 45V 45V
(Ic=10mA, E,=0)

Saturation voltage ( Vcg (sat)) 0.4V

(Ic=10mA, Iz=1mA)

DYNAMIC CHARACTERISTICS:

Turn- on time ( ton ) 8 u sec
(Vee=10V, Ic=2mA)

Turn- off time ( to) 7 u sec
But it is difficult to distinguish the weak SHG signal from the noise level of the Til- 81
type of photo detector. Therefore, the photomultiplier tube (PMT) is used to detect the
SHG signal. The parameters of the PMT are given below:

INPUT CHARACTERISTICS [79]

Sensitivity of photocathodes ~ 60 uA/ lumen
Peak response at the wavelength ~ 500 nm
Recovery time in darkness at room temperature several minutes to

one hour

OUTPUT CHARACTERISTICS
For continuous operation, maximum output current 10° to 10* A
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For pulsed operation much higher

Load resistor in the anode circuit SMQ
Response time < 10®sec
Dark current at room temperature ~107 A

2.2.c). The Electronic system:
The signal detected by thie photo detector has to be processed through various electronic
circuits to get the final image of a specimen. To constn.lct a magnified image the out put
of the photo multiplier tube must be amplified. Since the detected second harmonic signal
is very faint, it would require a very good amplification of the signal in order to have
reasonable pictures. The following amplifier circuits are designed for different purposes:

The simplest amplifier circuit we have designed is as shown in the Figure 2.2.7
[80, 81]. This op-amp amplifier circuit is fabricated with fifteen times amplification. The
741 IC, (A, in Figure.2.9) is used in its non-inverting mode. It amplifies the signal
detected by the photo detector which is in photo conducting mode. The frequency
response curve of the amplifier is as shown in the Figure.2.2.8 [82]. It works nicely as far
as our microscope is a conventional (type I) scanning optical microscope. As it is
improved to SHSOM, improvement of the amplifier circuit is needed The trans-
impedance amplifier technique can be used to monitor extremely small current. A trans-
impedance amplifier circuit can be designed by connecting the photo detector into an op-
amps virtual ground input circuit. The circuit is designed by usingOPAI111. Thé photo

detector is in its photo conducting mode of operation. Therefore,
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the current passes from it to the amplifier through the feed-back loop of the amplifier,
whose output is a voltage, equal to the input current multiplied by the feed-back
resistance. While amplifying very low input current, noise has to be reduced without
reducing the usable bandwidth. The out of-band noise can be reduced by inserting a
phase compensating op-amp within the main amplifier’s closed loop, making a composite
amplifier. To allow this composite amplifier to maintain a single phase inversion, it is
necessary to reverse the inverting and non-inverting input connections at the main
amplifier. The circuit fabricated, is as shown in the Figure 2.2.9. At dc and low
frequencies the feed-back of the added amplifier is blocked by C2 and the overall open
loop gain is the product of both amplifier gains. At higher frequencies, the gain of A2
becomes less than unity resulting in less gain overall than from the main amplifierAl,
reducing high frequency noise.

As the scanning spot scans the picture in a raster form, all the picture information
has to be blanked out for both the horizontal and vertical retrace time of the square wave
used in the function generator for scanning. This retrace time must be as short as
possible. Two similar fly- back blanking circuits are designed so that the picture
information for the retrace time (for horizontal and vertical scanning) can be blanked out.
Two transistors are used for each circuit as shown in the Figure 2.2.10. The switching
action of the first transistor (T;) provides the biasing voltage of the second transistor (T3)
which amplifies the actual signal detected by the photo detector. The transistor T; is

biased in such a way that the positive peak of the square wave has brought it to the cut off
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Figure 2.2.9 Transimpedance Amplifier (photo detector in photo conducting mode)
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condition. Hence T, does not conduct i.e. output can be obtained from T,. But when the
square wave falls to zero which signifies that the retrace in the raster starts, then T, is in
saturation condition and hence no output can be obtained. T, and T, are AC 128, Ge p-n-
p type transistor with hg value 175. The supply voltage is 9 volt( -ve voltage). The d.c.
load line graph shown in Figure 22.11 gives quiescent collector voltage = 5 volt( -ve).
The resistance R3+ Ry = Vo / L max = 9/ 3.8 = 231 K; nearest preferred value

2.2K.

voltage drop across R,

Since Ry = = 1V/1.65 A = 0.606K; nearest

standing collector current

preferred value= 620Q.

Therefore, R3 = 2.31K- 0.606K = 1.704 K; nearest preferred value =1.8 K

The current through R; must be at least eleven times the required base current, Ig,
where Iy = I / he = 1.65mA (steady collector)/ 175 = 9.4 A

Therefore, current through Ry = 11x 9.4 nA = 103.4 pA.

Hence Vg; = 9V- 1.52V = 7.48V (Vg = Bias voltage less the base bias voltage
(520mV) and the emitter voltage 1V).

Therefore, Ry= 7.48/ 0.1 (approx) = 74.8 K; nearest preferred value is 75 K.

Again the current through R, will be the current in R; less the base current. The
voltage across R, will be Vg + Vpg Using these relations, the value calculated for R,

becomes 18 K. R,= 18K and Ry= 75K are also
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used for thq transistor T; and the voltage of the square wave from the function generator
is adjusted in such a way that switching action of the transistor can be achieved [83]

2.3. Computer Interfacing:

2.3.1. Data Acquisition System:

At the initial attempt though the signals are displayed on the CRO screen, later on
the computer interfacing is done and the images are constructed through the computer
software. For computer interfacing, the analog signal detected by the photo detector and
amplified by the amplifier must be converted to the digital one. For this purpose, one
Data Acquisition system is designed as shown in the Figure 2.3.1 {84]. This system is
designed using ADC 0809 which is a monolithic CMOS data acquisition device with an
8-bit analogue to digital converter. This 8-channel multiplexer can directly access any of
eight single ended analogue signals. This chip is selected for designing the data
acquisitfon system due to its high accuracy, high speed, minimal temperature
dependence, minimal power consumption etc. Moreover it is the complete data
acquisition system in itself There are only two external requirements which are the
constant reference voltage at the pin number 12 and a clock. The circuit with op- amp
741 1n its voltage follower mode provides the constant voltage with the help of the two
10K resistors, potentiometer P and a zener diode as shown in the Figure 2.3.1. The
external clock is provided by 555IC which is working as a free running astable multi
vibrator. Values of resistors R4,R5 and capacitor C3 are such that timer IC produces a
clock about 50 KHz. The data acquisition card along with the two power supplies with

+15 volt output voltage and +5 volt output voltage to supply power to the IC 741 and IC
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555 respectively are fabricated on the double sided printed circuit board. Though it is a 8-
channel ADC, only 3-input channels are required for our specific experiment. Hence the
channels 4 to 8 are grounded. Pin 27 and 28 are used to read the horizontal and vertical
vibrator of the scanning optical micrbscope. The voltage-time signal coming from the
photo detector is inserted to the ADC through the input pin 26. For its digital interface
with PC, the circuit uses centronics port A flow chart and a simple software are needed
to control all the activities of the data acquisition system which are discussed in chapter
ML

Power supply circuits required for all these electronic circuits are also fabricated
with the main circuit.

2.4.Noise Reduction:
The success of designing a second harmonic scanning optical microscope depends on its
noise free condition The external noise like external electro- magnetic wave including
visible light, no@se due to ground vibration, electric mains ripple, the variation of output
power of laser beam due to vibration of laser cavity etc effect the signal detected by the
detector which in turn disturbs in getting the actual image of a particular sample.
Therefore, many precautions are needed in designing and during the time of experiment
such that the over all noise can be minimized to a negligible amount In our set- up, the
optical bench is designed by iron plate of thickness Smm. The base of the holders which
hold the optical components like objective, collector, beam- splitter etc. are heavy block
of iron of height about 2.5cm. The optical bench is again placed over an iron sheet of

thickness 3mm. Thus the disturbance of the ground vibration can be reduced to a
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negligible range. The external electro- magnetic wave and light rays may disturb the
electronic as well as the optical system of the microscope. All the electronic circuits like
amplifier, fly- back blanking circuit, data acquisition system etc are placed inside some
boxes made of galvanized iron sheet. The photo detector and the whole SOM system are
also covered by sheets of such material so that external light can not reach inside.
Moreover the use of co-axial cable for connecting different devices helps in designing a
no-ise free system. The use of stabilized power supply for the laser source and also for
other electronic circuits reduces the electric mains ripple. As the second harmonic signal
obeys the square law, al small variation in the output power of the laser source results a
large change of the second harmonic signal generated in the specimen. By mounting the
laser on a vibration free table, both the high frequency and low frequency noise due to the

laser cavity vibration can be minimized [85,44].

2.5 Signal detection:

After completion of all these arrangement, the designed SOM is used first to
detect some signals from different samples. It is tried to detect the second harmonic
signals emitted by optically non-linear material using the microscope. Figure 2.5.1 and
Figure 2.5.2 show such signals detectc;d by the designed SOM using CRO as the display
unit.

2.6 Conclusion: This chapter includes the design consideration of a scanning

optical microscope of improved type mainly in three respects such as in mode of
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Figure2.5.1 Signal detected by designed SOM on CRO screen, sample ADP crystal (a) typel

fundamental SOM (b) harmonic SOM
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Figure 2.5.2 Second Harmonic Signal detected by designed SHSOM in CRO screen,

Sample: KDP crystal
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scanning, second harmonic mode of imaging and in mode of z-scanning in steps.
Although the vibrating system in scanning optical microscope was reported earlier, the
special arrangement of the system for scanning designed by us as shown in Figure 2.2.1.
can be cited as an important improvement in our device not reported earlier. The
advantage of this system is that it restricts the motion of the sample holder in the X- and
Y- direction only, avoiding any tilting motion which is very important for getting the
proper image of a particular sample. The rotating arrangement of the sample can also be
considered as an important feature of our set-up. In optical system also, we keep the
flexibility in using different components so that different types of experiments can be
performed. The benefit of the second harmonic mode of imaging is explained elaborately
in chapter IV through many experimental results obtained by us. We have added the z-
scanning in steps with the help of a micrometer screw fitted in the mount for the objective

which may lead us for 3-D imaging.
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CHAPTER 111

THEORETICAL REVIEW

3.1. Introduction:

The performance of the scanning optical microscope depends on the geometry of
the optical system. Depending upon the geometry, it can be divided into two different
types: type I and type II or confocal. The type I scanning optical microscope is equivalent
to the conventional optical microscope provided the objective lens of both are identical
and the collector lens of the scanning optical microscope has the same pupil function with
the condenser of the conventional optical microscope. Moreover, the effective source of
such a micrdscope must be infinitesimal which means incident radiation is coherent. In
this case, for image formation only the objective lens is important while the collector is
used only as a light gathering component. Depending upon the ratio between the
numerical aperture of the collector and that of the objective, the imaging property varies
from coherent to incoherent through the partially coherent imaging for which /o ratio
becomes approximatelyl. But in case of type II scanning optical microscope, the
aberrations of both the lenses affect the performance of the microscope. The imaging is
similar to that of the incoherent conventional microscope in spite of the coherent incident
radiation and coherent detector [27],{77],[86].

3.2. Theory of SOM [87]- [89], [26]:

For-the mathematical treatment of this scanning optical microscope, the objective
1s assumed to be thin and of plane structure so that it may be described by amplitude

transmittance function t (x, y). In general this must be assumed complex to account for
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variations in both absorption and phase changes as a result from changes in optical
thickness. The complex object can be represented by the superposition of cosinusoidal
gratings of different spatial frequencies and amplitudes. So the spatial frequency content
of the object is said to be similar to the frequency content of the electrical waveform. The
optical system for imaging modifies input spatial frequency of the object and hence it can
be compared with the filter of the electrical waveform. For reflected light microscopy the
function t (x, y) represents the amplitude reflectivity; the phase change represents either a
phase change on reflection or change in the specimen surface height.

Let us assume that a stationary scanning probe is formed by coherent laser light
on the focal plane of the objective of a scanning optical microscope shown in Figure 3.2.
The raster scanning is done by moving the specimen horizontally and vertically so that
point by point image can be built up. This probe formed is actually the impulse response
function h (xo, yo) of that objective lens. Let ty (Xs-Xo, ys-yoj be the complex amplitude

transmission of the object. Then the amplitude distribution at the detector is given by

T - ik ik
UsGe) = [ g et~ m +yy0)}P2(x,y)exp{2{To<x02 +¥,1)}

h(x,, yolto (X, = X4, ¥, — Vo) 3.2.1)
A 1s the wavelength of the incident radiation, P,(X, y) is the pupil function of the detector,
do is the distance of the detector from the focal plane and k=2n/\. If the pupil function P,
(x, y) of the detector in Fig3.2.1 is identical to that of the collector lens of Fig3.2.2 then

both the collector system can be considered as identical.
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Assuming §°—,—&’— <<1the total intensity detected by the detector can be

0 0

expressed as,

2

+o0 -k
L,(x,,y,) = const j.qu(x,y) J Jtoe, = %0y, = Yol 0o, Yo Jexp = ek, +yy ooy, | dxdy
-0 -0 0

(322)

and this is allocated to the picture point xg, y;

X . . .
V= —Z—, the expression for intensity

Introducing normalized co-ordinateu = —,
g MO MO

can be written as,

I()»dous ,Movs) = COIISt.J J jTJ JP2 O\. dou,MOV)toD»do (us - uo),mo (Vs - Vo)]h1 O"douoamovo)

exp—2m jAd, (ay, +vv,)t, [Mdy(u, —u,),Adg(V, —Vo)Ih (4 dgu, ,Adyv, )
exp2m j A do(qu, + vvol)dudvduodvoduo'dvo’

3.2.3)

42



pd

M
I
) poirt detector
source
I
| m -
!

chjective lens object
Xo. %0

collector
x IY

Figure 3.3.1 Scanning Optical Microscope of Type II using point detector

i S N

' N

N
source \\‘ coherent detector
Q (amplitude senstive)

. N

| N

" [ L D

ohjective lens chject lector
Xo, 50 co X
Xy

Figure 3.3.2, Scanning Optical Microscope of Type II using coherent detector

43



The amplitude of the signal at the detection plane for a type II scanning optical

microscope is given by the expression,

V(x,,y,) = J th(xHyl’xO’YO)tO(xs =X, Y, = Yo)h; (Xg,¥)dx,dy, (3.2.9)

where h,(x,,y,,X,,Y,)1s the impulse response of the collector lens. The

expression for the impulse response of a thin lens is given by

I
h(xla}Il;xOYO):)‘Izd d exp[)ﬂd (x|2+Y12)]
0™ 1
exp[22 (%, + v, 1[[ Pa %, Yexpl L (- + - 1) (x* +37)]
M, »od, d, f
. X X y y
-2 0 L Tt yx 4 (2421 dx d 3.2.5
exp{ J7t[()vdo M,)x (?»do M,)Y]} x dy (3.2.5)

In type II microscope, a point detector is placed atx, =0,y = 0. Further if the

lens law (al— + dL = %) is satisfied and x,,y, are taken to be small.
| 0

+00 k
h(0,0; x,,y,) = const._[ I P, (x,y) exp {—ji—(xx0 +yy, )} dxdy (3.2.6)
-o0 0

The signal intensity may be expressed in terms of the function,

I(xs,ys) = Jj-hz(xo: yc)to (x, - Xo>Ys ~ YO)hl(XO’YO)dXOdyo
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[, % (g =30 Ot 0, = X0, (%, 6 )i, dy, (327)

3.3. Resolution:

For an object consisting of two equal point objects separated by a normalized
distance 2v4 (where v4= nL(s) and s is the ratio between the pupil apertures (a/a,);
known as incoherent parameter) [90], according to the Rayleigh criterion the points are
taken to be just resolved in an incoherent system with circular aperture, when the first
zero in the image of one point coincides with the position of the central peak of the image
of the second point, corresponding to an intensity midway between the points of 0.735

times that at the points. According to the generalized Rayleigh criterion [91] the points

I(o)

are taken to be just resolved in any optical system if the ratio
I(max)

1s 0.735, where

I(0), I(max) [92] are the central intensity and maximum intensity respectively. A

similar relation I;?X like the Rayleigh formula 0.61h can be written for the separation
1 .
f

%

between two just resolved points for a scanning optical microscope.

When a beam of light from a He-Ne laser source of wavelength 0.6328um is

focused to a diffraction limited spot by an objective of NA 0.65, the resolution calculated

0.61A
by using dI =
y g NA

gives dI = 0.594 um.

3.4. Theory of Second Harmonic Generation (SHG):
SHG, which belongs to the most important non-linear processes, is an optical

phenomenon of conversion of two photons of same frequency @ to a single photon of
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frequency 2w through an optically non-linear medium having no inversion symmetry.
SHG is a three level non-resonant process since the outgoing photon ac;quires exactly
twice the energy of each incoming photon through a virtual state within the specimen.
The energy level diagram is as shown in Figure 3.4.1. This is an instantaneous process,
because, SH photon is generated within a few femto seconds which makes the signal
coherent and predominantly emitted in the forward direction [93],[94], [75].

From the electrons which are bound to the atom, non- linear variation of the
polarization with the applied radiation field can be expected, provided the radiation field
is comparable or greater than the field binding the electrons to the atom. The advent of
the high power laser with intense monochromatic radiation makes it possiblé to get non-
linear polarization through interaction with matter. The mathematical expression for total

polarization can be given as:

P=gx"E+P, (3.4.1)

where Py being the non-linear component of polarization contains the primary non-

linear polarization of second order in the electric field and can be expressed as:
P =y EYEyL (3.4.2)

where Xijr is the second order non-linear susceptibility with the Cartesian co-ordinates

denoted by subscript and relevant frequency by superscript. This is a third rank tensor.
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Figure 3.4.1 Energy level diagram of SHG process
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o R . . . Y
E i Ek are the electric field component of incident radiation in respective directions as

indicated by the subscript.
Assuming that the incident wave representation has the form E, sin ot the polarization

expression (3.4.2) can be written as,
@ (] @ @ l [} ® @
PP® =y 2WETEVsin *ot =EX3kEJEk(1—COSZ wt) (3.4.3)

In this expression the first term denotes the d.c polarization while the cos2wt
term signifies polarization which oscillates with frequency 2w exactly twice the incident
frequency radiating second harmonic with that of the exciting radiation frequency.

From the symmetry consideration it is found that for a material having inversion

symmetry all the tensor element of xﬁﬁ vanish which indicates that the SHG will not

occurr in centrosymmetric molecule.
Assuming the fundamental incident radiation as a plane wave and using
Maxwell’s equations the expression for second harmonic intensity can be written as [95],

o _ 20)2d:ﬁ‘ 2 (I“’)z Si'nZ(AkLA)
)

= an2m (n® (AKLA)Z

(3.4.4)

where d; is the effective second order non-linear co-efficient of the material and it is

=1
related to the non-linear susceptibility y by the relation, d’ =X A(n—l) for second order

n= 2 and hence d= y/2. L in equation (3.4.4) represents the interaction length
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Ak=kye- 2k o, n*® = .Je, and n® = /¢, are the refractive indices of the medium in SH

and fundamental frequency respectively, c, :%/— be the velocity of light in
Hoéo

vacuum. The conversion efficiency can be given as,

(20) Ao orgr 2 pl) sin?(AKL
P :S(Eij o dgL P [ A) (3.4.5)

n2co(n°°)2 beam area (AkLA)2

€9

3.5. Second Harmonic Generation with Gaussian Beam[96]
The conversion efficiency for a Gaussian beam focused inside a non-linear crystal

can be given by the expression

(20) % 25212 ple) sinlAKL
E_zg(“_oJ ©d,L" P ( A) (3.5.1)

YR (AkLA)Z

]

considering n*® ~ n
This is possible only when the crystal length is very much shorter than z,, the distance at
which the beam cross- sectional area doubles relative to its value at the waist. In such a
case the beam cross- section remains essentially a constant within the crystal and we can
use the plane wave result for electric field. The expression (3.5.1) yields that the increase
of L increases the conversion efficiency. But the conversion eﬂic;iency will reduce due to

the increase of beam cross-section with the increase of L. The maximum conversion

. , W,!
efficiency can be expected for focused laser beam with L =2z, = 2% Ghich is
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known as confocal focusing L is known as confocal parameter. Hence, L = k,W,* taking

n as unity. Agan the diffraction half- angle & satisfies the relation,

W, 22
L Wk, (Lkl)%

5=

In such a Gaussian beam incident on a non-linear medium, the fundamental
electric field can be written as[97],

1 kz Xz +y2
E =E 1 - 7 3.5.2
(X> Y>Z) 0 1+i&_,e exp[ W02(1+1é):l ( )

where &is the dimensionless co-ordinate, & = ___Z(ZL_ )

From the equation (3.5.2) the second harmonic polarization becomes,

}exp(Zikz)exp{— M} (3.5.3)

W, (1+i¢)

()[(—5

which shows the reduction of the effective minimum beam radius from Wy to Wy/2 in

second harmonic beam. Hence it results in the reduction of the separation between just

o o 1 :
resolved points in second harmonic microscope by — than that of the conventional

V2
scanning optical microscope.
Using Maxwell’s wave equation, the second harmonic amplitude collected at a
point (x,y,z) when highly convergent Gaussian incident beam passes through non-linear

material of thickness 2L= &;- £; can be given by the expression

4 2 2 2 &2 '
E(x, y,z):—lzgexp(Zik,z)JE—"— Mexp{— 2(X Yy )}EJ' ds (3.5.4)
€

1+i¢ Wi (1+i€)] 25 1+i€
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Here we assume Ak=0; i.e. the index matching condition.

From EE’ the three dimensional intensity expression can be obtained as,

g 40t Plfd [ 4l+y?) |17
TS (sj WO4(1+§)zexp{ Wiae g 4 k) 68y

I}

where,

H(,E,)

. . 2
tan”'E, — tan"'€, — %ln(l +8,7 )+ 15111(1 + gfi

2

1+¢&°

In
1+¢&,°

The expression (3.5.5) for intensity is radially symmetric about the z-axis. This gives the
dependence of second harmonic intensity on the thickness of the material also.
The value of W, depends on the numerical aperture of the objective by the relation,

2
nNA

0

Hence for tightly focused beam the reduction of the value of Wy reduces the
confocal parameter L due to its quadratic dependence on Wy. The three dimensional
second harmonic intensity expression (3.5.5) also reveals that it depends on the square of
the fundamental exciting intensity resulting in sharpening up the point spread function
along z-axis This improves the axial resolution of the harmonic microscope over the

fundamental SOM similar to the lateral resolution.

3.6Theory of signal processing [98],[99]:
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The analog electric signal obtained from the photo detector has to be processed to
get the actual image Computerized image is possible only through the digital signal
processing. The analog signal can be converted to the digital signal by the use of ADC
(analog to digital converter) which performs digitization also known as sampling and
quantization. These two are the processes that convert the continuous image irradiance as
it is projected by the optical system on to the image plane into a matrix of digital numbers

that can be stored and processed by a digital computer.

3.6.1. Sampling:

Let us first discuss about the digitization or sampling. It means the sampling of
the gray values at a discrete set of points known as pixel or pel. The cutting of the area
into pixels in terms of spatial field of signal intensity is called spatial sampling

Mathematically, digitization is described as the mapping from a continuous
function in R? onto an array with a finite number of elements:

D

g (x1,%2) > Gmn X, x2eRandmneZ 3.6.1)

With numerical differentiation and integration the neighborhood relation is an
important operation that is involved in digital signal processing. Neighborhood
operations generally combine the gray values in a small neighborhood around a pixel and
write the result back to this pixel. This procedure is repeated for all pixels of an image.

This operation converts grey scale image into a feature image. It is also termed as filters.

52



There are two classes of filters, convolution, also termed as linear shift invariant (LSI)
filters and rank value filters.

The first characteristic of a neighbourhood operation is the size of the
neighbourhood, which is known as the window or filter mask. Most elementary
combination of the pixels in a neighbourhood is given by the operation which multiplies
each pixel in the range of the filter mask with the corresponding computing factor of the
mask, adds up the products and writes the result to the position of the center pixel. This

operation is known as discrete convolution and defined as :

T I r r
' — —
Gmn - Z ZHm’n’Gm—m’,n—n’ - Z ZH—m’,—n'Gm+m’,n+n’

m'=rn'=r m'=-rn'=-r
(3.6.2)

In continuous convolution, the summation. of discrete element is replaced by the
integration.

3.6.2. Rank Value Filter:

Rank value filters are another class of neighbourhood operations. Here, all pixels
in the neighbourhood are not considered to compute the output of the operation
‘Comparing and selecting’ principle is used. All the gray values of the pixels which lie
within the filter mask are arranged in ascending gray value. The median value is sorted
out and written back to the center pixel.

Due to the discrete geometry, digitization of a continuous image constitutes an

enormous loss of information. Here we reduce the information about the gray values from
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an infinite to a finite number of points. So, to get the actual representation of the

continuous image by sampled points the following two points must be ensured: (1) no

significant information should be lost and (2) no distortion should be introduced.

Sampling theorem can help us to formulate the conditions under which the sampled

points are a correct and complete representation of the continuous image.

In this theorem the continuous image g (x) is mapped onto the finite matrix Gm,

through three separate steps:

1.

Image formation, where the influences of optical system, including the sensor is
taken into consideration through continuous convolution before sampling the

image at certain points of a discrete grid. Mathematically
g(x) = J g'(x)h(x — x)d*x' = g'(x) * h(x) where h(x) be the PSF and the function

g'(x) can be considered as the gréy scale image obtained with a perfect sensor i.e.
an optical system (including the sensor) whose OTF is identically 1 and whose
PSF is a delta function.

Sampling, it means that all information is lost except the grid points.
Mathematically this constitutes a multiplication with a function which is zero
everywhere except for the grid points.

Limitation to a finite image matrix; since the sampled image is still infinite in
size, it is limited to a finite matrix size by multiplying the sampled image with a

box function.
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3.6.3. Quantization:

After digitization the pixels still show continuous gray values. In the quantization
process these continuous gray values are mapped onto a limited number Q of discrete
gray values.

The number of quantization levels in image processing should meet two criteria

First, no gray value steps should be recognized by our visual system and secondly
generally a gray level image is quantized into 8-bits.

Thus, a digital image which is a 2-d array of numbers representing intensities of
corresponding pixel can be obtained by the use of ADC and computer software. The
image processing software MATLAB is used for the construction of images of our
experiments after acquiring digital data from the data acquisition system. We have
already explained in chapter II about the designing of an ADC circuit (Data acquisition
system). The flow chart required for acquiring data using this circuit is as shown in

Figure.3.7.1.
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3.7. Flow Chart for Data Acquisition System:

Start

Display menu on the monttor screen Enter a data file name(FNM) for the
particular experiment which will be stored in the hard disk of the PC Enter the
duration (DUR) for which reading 1s to be taken in seconds Enter the gain

GAL1 of the amplifier 1n the photo detector unit
()

Pass the address of channel 1 which 1s connected to the photo detector to the
<4 function(CAL_VOLT) which will acquire the data (VOL1) from the analog-to-digital

converter nmt

Go to and return from
CAL-VOLT

v

Pass the address of channel 2 which 1s connected to the square wave driven
horizontal 1 ¢ x-direction vibration generating unit, to the function (CAL-VOLT)
which will acquire the data (VOL2) from the analog-to-digital conversion unit

Go to and return from
CAT.VOI'T

v

Pass the address of channel 3 which 1s connected to the square wave driven vertical1 e y-
direction vibration generating unit, to the function (CAL-VOLT) which will acquire the
data (VOL3) from the analog-to-digital conversion unit

y

Go to and return from
CAL-VOLT
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Write the values of VOL1, VOL2 and VOL3 in the FNM Since gain of the
photo detector amplifier is not taken into account it ensures that the values
written in FNM are the voltage values generated in the photo detector after
amplification which can be used directly for construction of image.

vV

Display the values of VOL1, VOL2 and VOL3 both graphically and
Numerically on the PC monitor screen

v

Is duration
DUR
Over ?

GAL_VOLT function )

Send address latch enable ( ALE) signal and start conversion( SC) pulse via
centronics port to the ADC0809

v

Check if the end of conversion( EOC)
signal from the ADC0809 is high

Read the data from the ADC0809
Via the centronics port

i 4

Retumn to the main
Calling program

Figure : 3.7.1 Flow Chart for Data Acquisition System
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3.8. The C language program for data acquisition system
The C language program corresponding to the flowchart in Figure.3.6.1 that has been

developed for this data acquisition system is given below.

Line Program
Number
1. #include<stdio.h>
2. # include<conio.h>
3. #include<graphics.h>
4. #include<time.h>
5. #define REF 5.12
6. #define LPT1 0x378
7. int Cal_volt( unsigned char);
8. void drawline( int *g1, int *oldg1);
9. main()
10. {
11. char add, ¢, fnm[10],
12. int g=20, oldg=0, dur;
13. long x;
14. float vol1,vol 2, vol 3,

15.  float y0,0ldy0=0.0,y1,0ldy1=0.0,y2,0ldy2=0.0,y3,0ldy3=0.0;
16.  FILE *file_ptr:

17. time_t first, second;

18. int GraphDriver = DETECT, GraphMode;

19. initgraph ( &GraphDriver, &GraphMode, “c :\ tc\bin\...");
20. cleardevice();

21. printf ( \n\nEnter filename :7);

22. scanf (“%s’,fam);

23. cleardevice();

24. gotoxy(1,1);

25. printf(“\nduration of reading (in seconds) :");
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26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42
43.
44
45,
46.
47.
48.
49.
50.
51.
52.
53.
54,
55.
56.
57.
58.

scanf (“%d", &dur);
file_ptr = fopen(fnm, “W");
cleardevice();
drawline(&g, &oldg);
gotoxy(10,24):
printf ("press any key");
c=getch();
gotoxy(10,24);
printf(" pk
first = time (NULL);
while (cl= 27)

{
while (! Kbhit ())

{

volt = REF/ 256) *Cal_volt (1);
vol2 = REF/ 256) *Cal_volt (2);
vol3 = REF/ 256) *Cal_volt (3);

fprintf ( file_ptr, “%f,%f,%f\n", vol1, vol2, vol3);

second = time(NULL);

if(dur <= difftime (second, first))

{
gotoxy (10,24);

printf (“press ESC key");

goto quit;

}
gotoxy(1,12);
printf( “CH:1\n");
pritf(“vol %1 .2¢", vol 1Y,
gotoxy (1,7);
printf (“CH :2\n");
printf (“vol %1.2f ",vol 2);
gotoxy (1,2);
printf (“CH:3\n");
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59.
80.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
78.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.

printf (“vol %1.2f ",vol 3);
9 =0*1;
if (g==639)
drawline (&g,&oldqg);
y1=230-(vol 1*15);
line (oldg, oldy1,g9, y1);
oldy1=vy1,
y2 = 150-(vol 2*15);
line(oldg,oldy2,9,y2);
oldy2=y2;
y3=70—(vol3*15),
line(oldg,oldy3,g,y3);
oldy3=y3;
oldg=g;
}
quit;
c=getch ();
}

fprintf (file_ptr, “%c %f", NULL, NULL);
fclose(file_ptr);

return (0);

}

cal_volt(unsigned char add)

{

unsigned char bt [8], eoc, ale, stc, out;

intin,x;
ale = 8; stc = 16; eoc = 1;

out = add; outportb (LPT1, out);

out = add | ale; outportb (LPT1,0ut);
out = out | stc; outportb (LPT1,0ut);

outportb(LPT1,add);

while(eoc==1)
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92.
93.
94.
95.
96.
97.
98.
99.

100.
101.
102.
103.
104.
105.
106.
107.
108.
108.
110.
111,
112.
113.
114.
115,
© 116.
117.
118.
119.
120.
121.
122.
123.
124.

H

{
in=inportb(LPT1+1);
if((in & 8)==0) eoc=0; els eoc=1;
}
while(eoc ==0)
{
in=inportb(LPT1);
if((in & 8)==0) eoc=0; else eoc=1;
}
outport((LPT1+2),0x04); in=inport(LPT1+1);
if((in & 16)==0) bt{0]=0; else bt[0]=1;
if((in & 32)==0) bt[1]=0; else bt[1]=1;
if((in &64)==0) bt[2]=0; else bt [2]=1;
if((in &128)==0) bt[3]=1; else bt[3)=0;
if((in &256)==0) bt[4]=1; else bt[4]=0;
if((in &512)==0) bt[5]=1; else bt[5]=0;
if((in &1024)==0) bt[6]}=0; else bt[6]=1;
if((in &2048)==0) bt[7]=1; else bt[7]=0;
in=bt{0])+bt[1]*2+bt[2]*4+Dt[3)*8+bt [4]*16+ bt [5]*32+bt[6]*64+Dbt[7]*128;
return in;

void drawline(int *g1, int *oldg1)

*91=70;
*0ldg1=70;
cleardevice();

setlinestyle(1,3,1);

line(70,230,640,230);
line(70,150,640,150);

line(70,70,640,70);
line(70,0,640,0);
line(70,0,70,310);
line(639,0,639,310);
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125. setlinestyle(0,0,1);
126. return;
127. }

The program is run each time for each sample or for each different position of th'e sample
and different data is acquired. The data recorded is used to get the image through the
MATLAB image processing software.

3.8. Conclusion: Thus, chapter III is the review of the theoretical part of the
scanning optical microscope and second harmonic generation. Most of these theories are
already established but we have studied how to use these in the practical application of
our microscope. Moreover, we are concentrating here on modification of a software
program for analog to digital conversion ( ADC) unit which can be utilized in accordance

with our purpose for acquiring data.
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CHAPTER IV
COMPARISONAL STUDY OF THE IMAGES OF
CONVENTIONAL SOM WITH THOSE OF SHSOM AND
CONFOCAL SOM AND SOME AfPLICATIONS OF

SHSOM

4.1. Introdu;ﬁon:

Very high power density of the scanning spot of the scanning optical microscope
due to the use of focused laser light gives rise to second harmonic generation from
nonlinear specimen having no centro- symmetricity. Detecting these second harmonic
signals and then constructing images of different samples, rﬁany properties of the sample
can be studied. At the same time, the second harmonic images provide some
improvements in finding the contrast and resolution of the scanning optical microscope.
As and when the matter of resolution in scanning optical microscope comes up we also
need to consider the use of Confocal SOM. This leads us to the detection of signals
through confocal arrangement. The images constructed by these signals are compared
with the corresponding images of conventional SOM. Such a comparison vividly shows
improved resolution in Confocal scanning optical microscope. Various experiments are
performed on the above mentioned points and the results thereof are included in this

chapter.
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4.2. Outline of the experiments:

1. Source and specimen selection including sample preparation.

2. Detection of scanned signal using conventional SOM and then SHSOM.

3. Experiments for confirming SH signal.

4. Conversion efficiency Measurement.

5. Better contrast of the SH images than the images by conventional SOM.

6. Better resolution of SHSOM than that of the conventional SOM. Improved
resolution in confocal SOM.

7. Measurement of the effective second order non-linear co-efficient of different
specimen using SHSOM.

8. Study of some crystal defects and presence of impurity inside the crystal.

9. Determination of micro crystals.

10. SHSOM as a tool of surface roughness detection.

11. Axial resolution and Optical sectioning in SHSOM.

4.3. Source and specimen selection [94],[100] including sample preparation:

Second harmonic conversion is characterized by two parameters relating the

conversion efficiency, the pump intensity and the non-linear properties of the material.

The phase mismatch between the fundamental (exciting beam) and the second harmonic

beam also affects the efficiency of SHG. But in case of microscopy, since the thickness

of the sample is generally not greater than the coherence length of the sample, the phase

matching is not concerned with it. This is also because of the fact that with high
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resolution as a result of highly convergent radiation, significant second harmonic is
generated only in the focal region. The result is that the intensity of the harmonic signal is
low. Therefore, in non-linear microscopy, the brightness of the laser beam is very
important so that the focused spot attains a very high power density at least of the order
of 10""W/m? or more [101]. Use of Q-switched pulsed high power laser as a source
satisfies these conditions and hence keeping in view of the availability, Nd-Yag pulsed
laser of wavelength 1.064 pm is used as a source for our experiment. The maximum peak
power of the laser is tens of megawatt. But it is also a matter of investigation that whether
the SH generated by low power laser source can be used for getting a reasonable image in
SHSOM. Low power ( 20mW) He-Ne (cw) laser is used as a source to serve this purpose.

In case of conventional SOM and confocal SOM it is immaterial whether the
samples are metal or non- metal, crystalline or non- crystalline. It is also not necessary
that the samples are to be non linear or non centro symmetric. But SHSOM prominently
can image only non centrosymmetric sample. Therefore we have chosen samples which
can meet this requirement of non centrosymmetrycity or surface defects so that
meaningful comparison can be made between images of SHSOM and ordinary SOM and
also that of confocal and ordinary varity of SOM.

Thus in selection of the sample, importance is attributed on the nonlinear property
of the material mainly on the value of the effective second order non-linear coefficient
and damage threshold. The absorption of radiation by the material is another property
which must be observed for selection of the sample. Lastly, the availability and their

costs also control the selection of the sample.
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KDP and its isomorphs belong to a family of crystals which are very easy to grow
from aqueous solution at room temperature and hence easily available. This group of
crystal proves to be an important and useful second harmonic generator. From this group
we have selected two: KDP (KH,PO4) and ADP (NH4H,PO4).

The samples are prepared from super saturated aqueous solution keeping
separately at room temperature and also inside the refrigerator. The first method takes 7-9
days to grow the crystal of suitable size while the later method gives the same within a
few hours. Both the crystals fofmed by slow evaporation and fast evaporation are used as
our samples in different experiments. Table 4.3.1 illustrates the listed value of non-linear
co-efficient, damage threshold, transparency limit (in terms of wavelength) and

absorption of these two samples.

Table 4.3.1
Sample di4= dys = d3g Damage Transparency Absorption
threshold In terms of | (cm”)
(Gw/cm?) wavelength
KDP 04t00.5pm/V | 0.5 022um to 1.6 | 0.005
um
ADP 0.53 pm/V 0.5 0.2pum tol.2 um | 0.005
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Lithium Triborate (LBO) is another second harmonic generator collected for our
experiments due to its high optical damage threshold (2.5Gw/cm?), moderate effective
non-linear co-efficient (1.16x 10"?m/V) and its non hygroscopic nature. Absorption is
0.005 cm™.

An organic crystal urea (NH,),CO is grown from the super saturated solution in
methanol. Its high value of non-linear co-efficient (about 1.4 pm/V which is 2.5 — 3 times
larger than that of KDP or ADP), high transparency range from 200 nm to 1.4 pum, high
birefringence, high damage threshold as 5Gw/cm?® at 1.064 pm serve as a very good
second harmonic generator but with a drawback of hygroscopic nature.

Many semi conductors like GaAs, ZnSe, CdTe, Te, Zns exhibit high value of non-
linearity. Such two samples Te and ZnS are selected to be observed under SHSOM.
These two samples are deposited in thin film form, on glass substrate. Te is deposited by
thermal evaporation method in high vacuum thin film deposition apparatus while ZnS is
deposited by chemical deposition method.

In order to study the presence of surface second harmonic generation (SSHG)
[102] Aluminum thin film is used as a sample which is also deposited by thermal
evaporation method. Although bulk aluminum has centro symmetrcity, at the surface and
at the interface between the two materials, this centro symmetrcity has been broken and

hence it is able to generate surface second harmonic.
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4.4. Detection of scanned signal using SOM and then SHSOM:

Before going to construct the images of different samples, some experiments are
performed in detecting the signals using conventional SOM and then SHSOM which
consists of some additional components mainly like some filters and very sensitive
amplifier circuit as mentioned in chapter II. Although the signals are initially observed
through CRO (Figured4.4.1, Figure 4.42., Figure 4.43., Figure 4.4.4), finally
computerized signals are recorded as depicted as Figures 4.4.5 and 4.4.6. These figures
illustrate that although there is a similarity between the signals from both the
microscopes, the signals from SHSOM show some extra peaks which are not prominent
in the signals from conventional SOM. However, some information obtained in the later

type is also lost by the SHSOM as clear from the computerized signals.
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Figured4.4.1. by fundamental SOM Figure4.4.2. by SHSOM

Figure4.4.3. by fundamental SOM Figure4.4.4. by SHSOM
—
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Figure4.4.5 by fundamental SOM Figure4.4.6 by SHSOM

Fig.4.4.1- 4.4.6 detected signals from different samples on CRO(4.4.14.4.4) and computer monitor(4.4.5&4.4.6)
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4.5. Experiments for confirming SH signal:

The weak second harmonic generated at the sample due to the irradiation of strong laser
light moves along with this excitation light. Different filters are used to stop the
excitation radiation and to pass the second harmonic. But before detecting this signal to
get an image, it is necessary to ensure that the signal actually is a second harmonic signal.
The CuSO4 solution which is used as a red stopping filter passes radiation from
approximately 320 nm to 630 nm. Another narrowband interference filter or a green filter
is used so that only the second harmonic wavelength (532 nm) is able to reach the
detector when the excitation wavelength is 1064 nm. This is verified by tilting the
interference filter. On tilting, the interference condition for that particular wavelength is
no longer satisfied resulting in the disappearance of the signal on the detector.

The experiment [52] described below also ensures the SH nature of the signal. In
the case of SHG, the harmonic conversion efficiency should decrease monotonically with
decreasing laser peak power when all other factors are kept constant.

A theoretical consequence of dependence is that a SH emission pulse should be
temporally narrower than the input laser pulse. The temporal pulse width is measured for
both incident laser radiation at 1064nm and the same for SH emission at 532 nm (Figure
4.5.1).The incident laser pulse has its pulse width at FWHM of about 140 ns. But SH
signal gives the FWHM value as 100 ns. As the PMT we have used for detection of the
signal has the response time < 10” sec, we can easily record these pulses. The FWHM of
the Figured4.5.2 illustrates that the SH pulse width is narrower than the former. Thus, this

experimental result can be considered as the evidence of SHG from the sample.
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Figure 4.5.1 Experimental arrangement for confirmation of SH signal through comparison of
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Figure4.5.2 Comparison of temporal pulse width for input laser and SH signal
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Finally we plot a log SH intensity from LBO sample, against log excitation power
as shown in Figure 4.5.3. for ensuring the SH nature of the signal in our microscopic
arrangement. The source is a He-Ne source of wavelength 6328A.The Figure 4.5.3.
shows that the slope of the curve is approximately 2, which proves the quadratic
dependence of SH intensity on the excitation intensity[59].

Thus we confirm about the detection of SHG by the photo multiplier tube which

is used as a detector of our experimental arrangement.
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Figure 4.5.3 log SH intensity vs log input power curve
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4.6. Conversion efficiency measurement:

4.6.a. Measurement of conversion efficiency i.e. Pyy/ P », where Py, is the SH
power generated while P, represents the input power of the source, for our microscopic
arrangement becomes important due to the dependence of SHG on the input power
density and also due to its variation with sample to sample. The input power density can
be controlled by the spot size and hence by the N.A. of the objective. The optimization of
the later for a microscope is important in getting good images. Considering the focused
laser beam as a Gaussian beam, the efficiency can be calculated by using the formula

[96],

P, % orarr p, sm(AkL)

_=g(“_°J
P, €, ' nw,’ (AI(LA)z

wherep,, &, are the magnetic permeability and electric permittivity of free space
respectively, o is the frequency of the fundamental beam, d is the effective second order
non-linear co-efficient, L be interaction length, Ak= k, -2k is the wave number’
difference between the fundamental and second harmonic frequency, n is the refractive
index of the medium (in phase matching condition n,,= n_ =n), wavelength of light
used is A, the radius of the spot = @y Since in microscopy the phase mismatch between

the fundamental and the second harmonic can be neglected, we may assume sinc function

as unity in equation 4.6.1. Hence the equation becomes

P % 24’1 P
T _gl Mo | @ ®
P, (aoj n nw, 4.62
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Using a well known SH generator, KDP the conversion efficiency is calculated.

27c

Substituting for @, d= 3.6x10%* C/V?, L= 13x 10%m, (calculated by using the

nAi

-1
formula [75],L = 27e (n—z—“’—— cos 9) , for a focused beam, detectable SH is

on,\ n,

generated only at the focus, hence the interaction length is very small, the N.A. of the

objective, 0.65 gives the 6 value), n= 1.5( approx,), A= 1.064x 10°m and the radius of

the spot, we= 1.26 x 104m, %ﬂ becomes 0.000007223, with an input power density 2x
®

10"w/m?= 2x 10® w/cm®. Thus the conversion efficiency is 0.0007223%.

4.6.b. Experimental method:

The experimental arrangement is as shown in the Figure4.§.1. The focused spot
of laser light of wavelength 1.064x 10°m scans the sample. Both the fundamental light
and the SH produced in the sample are collected by the collector C. Only the SH signal

passes through the filter F which is detected by the PMT.

Laser Vibrahng system R @
> o PMT
7 3
Data acq
system
B.S S F

Figure 4.6.1. Experimental arrangement for conversion efficiency measurement; B.S- beam splitter,

S- sample in sample holder , F- filter, O- objective, C-collector
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The maximum current recorded by the PMT is 3.33x 10°A. At 532 nm wavelength, the
efficiency of the PMT ‘is 90% and hence the actual current generated due to SH light is
3.7x 10°A. The absorbed part of the SH light by the specimen is negligibly small for our
micron size (20x 10®m) KDP crystal (absorption for KDP = 0.005 cm™). The load

resistance of the photo multiplier tube is 5x 10° Q. These data along with the input power
10 x 10*W provides %—“’as 0.000006845. So the conversion efficiency is 0.0006845%
0

which agrees well with the calculated value.

Thus the conclusion drawn from this measurement is that the efficiency in such a
conversion mechanis;n where phase matching is not taken into consideration is very low.
But very high input power density (in this case power density is 2x 10"?w/m?) due to

focusing provide the sufficient SH intensity required for a reasonable image construction.

4.7 Study of images of different samples

Ensuring the SH signal generated from the sample and calculating the conversion
efficiency of the system designed, we proceed to construct images of different scanned

samples. From the analysis of these images, many inferences can be drawn as follows:

4.7.1. Better contrast of the SH images [44]:
In the conventional optical microscope, contrast is obtained due to the variations
in optical density, optical path length and the refractive index of the sample. On the other

hand in case of second harmonic microscope it depends on the ability of generation of SH
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by the different regions of the sample i.e. spatial variation in SHG within the sample.
Again, the second order non-linear susceptibility (x2) of the sample is responsible for this
SHG. Since y, varies to a large extent in case of different molecular systems of the
sample or for different regions within the same sample, the intensity of SH generated at
these different regions will also be different resulting in contrast in the SHG images. The
absorption of the fundamental and SHG radiation by the sample itself, affect the contrast
of which the first is more significant. However, for very thin microscopic sample, the
absorption effect is reduced to such an extent that it can be neglected.

We have reported some experimental results which show the achievement of
better contrast and super resolution in SHGI in comparison with the conventional
scanning optical microscope. Initially we use a low power, CW He-Ne laser source [103]
and then pulsed Nd-Yag laser. The schematic diagram of our experimental arrangement
is as shown in Fiéure4.7.1.l. The excitation beam from a He-Ne laser of wavelength
6328 A and of power 20mw is focused through an objective of N.A0.9 into diffraction
limited spot. The high numerical aperture is used to increase the power density of the
scanned spot and to increase the signal to noise ratio so that low power excitation beam
can give us the adequate second harmonic signal for imaging. The X-Y scanning of the
sample is done by connecting the sample holder to the electro- mechanical horizontal and
vertical vibrators energized by function generators. The N.A of the collector which we
have considered is greater than that of the objective which helps in collecting the entire
SHG includiné the dominantly emitted off-axis SHG due to focusing of the excitation

beam [104]. The experimental observation proves the N.A. 1.25 of the collector as the
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convenient one for our experiment among collectors of N.A. 0.40, 0.65, 0.75 and 1.25.
The red laser light which is transmitted through the specimen is blocked by ‘Russian blue
glass’ filter and SHG is allowed to pass through a u. v filter. A blue filter is used for
blocking the fundamental light. One u.v blocking filter is used in front of the laser source

so that any u.v generated at the source may not reach up to the specimen. A photo

Fig. 4.7.1.1 Experimental arrangement for showing better contrast of SHGI B.S — Beam Splitter, O-

Objective, C- Collector, F;-uv blocking filter, F, F;-Red blocking filter, F¢ u v passing filter

multiplier tube of peak wavelength range of about 300nm-400nm is used as a detector.
These precautions confirm that the signal detected by the PMT is only the SH signal
generated at the specimen. The output signal from the PMT is amplified adequately and
then digitized through a data acquisition system designed by self. The images constructed
by these data are shown in the following Figures.

Experimental Results:

Figured4.7.1.2. represents the image of conventional scanning optical microscope
of LBO crystal of thickness 0.25mm while Figure 4.7.1.3. shows the same specimen

scanned under SHSOM. Figured.7.1.4 and Figure 4.7.1.5 are the intensity profile along
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an arbitrary line on the images of Figure4.7.1.2 and Figure4.7.1.3 respectively. Similarly
Figure4.7.1.6, Figured.7.1.7 are the images for an ADP crystal of 0.5 mm thickness
under SOM and SHSOM respectively. Figure4.7.1.8 and Figure4.7.1.9 illustrate their
intensity profiles. The Figure4.7.1.2 and Figure4.7.1.3 may bring another question as to
the same sample under the two systems of imaging show some sorts of variation. This
can be explained as follows: the detector of conventional SOM detects only the
fundamental light as the second harmonic light is very weak in comparison to the
fundamental light while the detector of SHSOM detects only the amplified SH signal in
which case surface defects and sample non linearity are very important. This leads to the
difference in pictures on Figure4.7.1.2 and Figure4.7.13. For the same reason
Figure4.7.1.6 and Figured4.7.1.7 also show some discrepancies in images of the two

systems.
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Better contrast in SHGI than SOM Image using He-Ne low power source

Figure 4.7.1.2. Conventional SOM image of LBO Figure4.7.1.3. SHGI of LBO
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Figure 4.7.1.4.Intensity profile of Figure 4.7.1.2 Figure 4.7.1.5 Intensity profile of Figure 4.7.1.3

Contd.
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Figure 4.7.1.6 Conventional SOM image of ADP Figure4.7.1. 7. SHGI of ADP

LA, " .
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Figure4.7.1.8 Intensity profile of Figure 4.7.1.6 Figured4.7.1.9 Intensity profile of Figure 4.7.1.7
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Although the low power cw laser can be used to construct second harmonic
images for some samples having high second order non-linearity under special
arrangement, some problems may arise due to the following reasons:

a) Constant heat generation in the sample may damage the sample.

b) Adequate SH signal may not be generated from the sample which has low

second order non-linlear co-efficient.

¢) It may be difficult to distinguish between“the noise and the signal during its

processing and amplification.

The high power density generated at the focused pulsed laser beam of small pulse-
width and high repetition rate can produce significant amount of second harmonic signal
instantaneously. Consequently similar experiments are done by using high power pulsed
Nd-Yag laser source of 1.064um with similar experimental arrangement with appropriate
objective and filters.

Experimental Results: The images and their intensity profiles along an arbitrary
line are as shown in the Figures4.7.1.10 to Figured4.7.1.13. From these figures it
becomes clear that not only the contrast but also the intensity of the type I SOM is poor
enough in comparison to SHGI. Since the crystals like KDP, LBO are transparent in the
incident beam of wavelength 1064 nm used for our scanning optical microscope, question
arises on the lower intensity of thf: SOM images. From our study in this respect, we come
to the conclusion that the wavelength range for maximum response of the photo detector
is responsible for this darkness. We are using the PMT with its maximum response within

the wavelength range 500 nm to 600nm and almost blind for the wavelength 1064nm.
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Better contrast of

second harmonic image than conventional by using high power Nd- Yag laser and

PMT as detector

Figured4.7.1.10 conventional image of KDP Figure4.7.1.11. SH image of the same sample
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Figure 4.7.1.12 intensity profile of Figure 4.7.1.10  Figure 4.7.1.13 intensity profile of Figure 4.7.1.11

82



Therefore we have searched out a Silicon photodiode UDT Model PIN-100 which
shows the response to the light with wavelength less than 1100 nm. The images with their
intensity profiles along an arbitrary line are as shown in Figure 4.7.1.14 to Figure
4.7.1.19. These images along with their intensity profile prove that the contrast in the
SHGI is far better than the image of SOM, in spite of the bright intensity of the latter.

These figures prove very well that better contrast has been attained in the SH
images than those of the conventional SOM.

Better contrast in SHGI using Silicon photodiode UDT Model PIN-100 as detector

and Nd-Yag as source:
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Figure 4.7.1.14. SH image of KDP crystal Figure 4.7.1.15. intensity profile of image 4.7.1.14
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Figure 4.7.1.16. SOM image of same KDP crystal 205 T A T T A R T
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Figure 4.7.1.17. intensity profile of Figure4.7.1.16
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Figure 4.7.1.18.Same image as Figure 4.7.1.16
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Figure 4.7.1.19. intensity profile of image 4.7.1.18 in intense region along the line
shown
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4.7.2. Better Resolution of SH Image [44],[103]:

The resolution of a microscope is one of the important parameters which depends
on the point spread function (PSF) of the objective lens. PSF can be considered as the
probability distribution of photon of the laser beam. The increase and decrease of the
extent of PSF increases or decreases this probability accordingly. As the SHSOM is one
kind of two photon microscope, the quadratic dependence of the SH intensity with that of
the fundamental intensity of light decreases the effective spot area within the sample. The

effective SH signal originates from the area of each dwell point of the diffraction limited
scanning spot which sharpens the spot size by a factor/2 . Hence the effective radius of

the Gaussian SH intensity distribution is reduced by a factor of %/2- of that of the

fundamental Gaussian intensity distribution. Hence the Rayleigh criteria of resolution for
SH microscope can be written as {751,

0.614

= m 4.7.2.1

@ e

Hence using same wavelength of light and same N.A of the objective both in
SHSOM and conventional SOM, better resolution can be achieved in SHSOM. Thus the
violation of Rayleigh criteria of resolution leads to the achievement in super resolution.
Some experiments are performed to attain this better resolution in our experimental set-

up. Experimental arrangement is same as in Figure4.7.1.1
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Experimental results:

Figure4.7.2.1 and Figure4.7.2.2 depict a micro crack in a Tellurium thin film
scanned in conventional SOM and SHSOM respectively using the He- Ne laser source as
mentioned earlier. In Figure4.7.2.1 the crack can hardly be observed whereas it is
distinct in SHGI in Figure4.7.2.2. Figured.7.2.3 and Figured4.7.2.4 are the 2-D intensity
plots of these images. The images shown in Figured4.7.2.5 and Figure4.7.2.6 are the
images of a 50um KDP crystal studied under conventional SOM and SHSOM using the
Nd- Yag pulsed laser source.

All these images along with the images of the section 4.7.1 prove the achievement

in improved resolution in second harmonic scanning optical microscope.

86



Better resolution of SHGI than Conventional SOM image

Figure4.7.2.1 SOM image of a micro crack in Te Film Figure4.7,2.2 SHCGI of the same film

a0 9
60 60
o\, au
30 30
0 0
0 10 20 0 5 1 15

. nos . .
Figure4.7.2.3 intensity profile of Figured.7.2.1 Fi 4.7.2.4, intensity profile of Fi 47.2,2
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Figure4.7.2.5 KDP focused at the edge of the crystal Figured7.2.6 SHGI of same sample

conventional image
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Figure 47.2.7 intensity profile of Figure 4.7.2.5 Figure.7.2.8 intensity profile of Figure 4.7.2.6
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4.7.3. Improved resolution in Confocal SOM [26], [27], [101],[114]:

Improved resolution in the scanning optical microscope can be achieved by
converting the microscope from type I to type II or confocal. In confocal SOM, not only
the point source illuminates a small region but the point detector also collects light only
from a small region. The field of view which is decreased due to the use of a point
detector in conventional optical microscope is also unimportant in case of scanning
optical microscope since in this case the field of view can be increased according to the
requirement. The theory of the confocal SOM is discussed briefly in chapter III. We also
tried to get the improved resolution by converting our SOM arrangement from type I to
type 1I. For this purpose, we detect the signal from the specimen through the collector
lens by using a pin hole in front of the detector. The experimental a.rrangeme;lt. is as

shown in Figure4.7.3.1.

D
L ' Py

Figure4.7.3.1 Experimental arrangement of confocal SOM (optical part only)
L- He Ne laser, B.S- beam splitter, o- objective, C-collector, s- sample, P, P, pin holes, D, D,

detectors, L;- focusing lens
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Experimental results: We studied a sample of KDP crystal of thickness about
2mm under conventional and confocal SOM in transmitted mode. The results are as
shown in Figure 4.7.3.2. and Figure 4.7.3.3 respectively. One cast iron surface is
scanned both under conventional and confocal SOM in their reflected mode and the
results found are as shown in Figure 4.7.3.4. and Figure 4.7.3.5 respectively. Figure
4.7.3.6 and Figure 4.7.3.7 illustrate the conventional and confocal SOM images
respectively of a scratched thin copper film in transmitted mode of the microscope. These
images prove that the resolution of confocal SOM is much better than that of the
conventional SOM. Thus improved resolution can be achieved with the help of type II

SOM.

KDP crystal in transmitted mode

Figured4.7.3.2type I SOM image Figure4.7.3.3 confocal SOM image
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Cast Iron surface in reflected mode

P

Figure 4.7.3.4 type I SOM image Figure 4.7.3.5 confocal SOM image

Scratched Copper film on glass substrate in transmitted mode

Figure 4.7.3.6 type I SOM image Figure 4.7.3.7 confocal SOM image

Although the improved resolution is achieved in the scanning optical microscope
by confocal arrangement it is very difficult to detect very weak second harmonic image
signal through the pin hole in front of the detector. As a result second harmonic images
can not be constructed. But, as our main goal of this research work is the adaptation of

the second harmonic mode of imaging in our designed scanning optical microscope to

91



study the non-linear specimen hence we performed our other experiments without the
confocal arrangement.

4.7.4. Measurement of the effective second order non-linear co-efficient of
different specimen using SHSOM:

As the second order non-linear optical susceptibility of the material is responsible
for the generation of second harmonic signal in the specimen, it has been attempted to
measure the value of effective second order non-linear susceptibility (d.g) by studying the
second hal,?monic intensity generated in the specimen. KDP and urea which are well

g
known second harmonic generators are first used as our specimen to establish the
measurement. The samples are embedded in transparent plastic. Experiment shows no
second harmonic generation from this substrate. In the next step, we measure the same,
for N-(2.Chlorophenyl)- (1-propanamide), a newly synthesized organic non-linear
optical material.

Assuming that the absorption of fundamental & SH light is minimal in the object
specimen and using plane wave approximation for small length of the sample at the beam

waist, the intensity of SHG ( I,) can be related to the intensity of the excitation light(I o)

by the following relation 4.7.4.1: [95]

= 22 4 2( YL o (AkL/ ) 4.7.4.1
c nm(n ) 1 kLAr
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Where dis the effective second order nonlinear co-efficient (or non-linear
susceptibility), L is the interaction length of the optically nonlinear material, Ak = k,, -
2k is the wave number difference. For such a frequency conversion phenomenon, the

interaction length is an important parameter which represents the length of the crystal
upto which the fundamental wave interact usefully with the material. Over this distance
the second harmonic light remains in phase with the polarization producing it. Assuming
that the microscope objective produces an ideal focus, the interaction length can be

written as [75]

nw

-1
L = ﬁc—(l&— cos eJ 4742

@

Where n, and ny, are the refractive indices of the material for fundamental
radiation and second harmonic radiation respectively, 0 is the angle made by the direction
of propagation of incident beam with the surface normal which can be calculated from
the N.A. of the objective.

For microscopy, since the samples are not thicker and since the significant
harmonic is generated only in the focal plane of the focused beam, due to the variation of
the second harmonic intensity with the variation of the square of the fundamental
intensity the phase matching is not concerned with such an experiment [101]. We may

assume that within this small distance in which the detectable second harmonic is

93



sinAkL/2

AkL/2

4.7.4.1 can be taken as unity assuming there is no phase difference between the exciting

generated, the SH is in phase with the fundamental. Therefore, in equation

wave and second harmonic wave within the spatial scale of axial resolution. Again the
maximum second harmonic will be generated only for the microcrystal whose orientation
will be aligned with the direction and polarization of the incident beam. Maximum
second harmonic intensity for a particular microcrystal is confirmed by rotating the

27c
n

sample in our experiment. In equation 4.7 4.1, is substituted for.. Using known

value of other constants, the value of d,; can be calculated provided the second harmonic

intensity (I,) generated in the sample can be measured experimentally. For this we
perform some experiments as follows:

The experimental arrangement is as shown in the Figure4.7.4.1. Nd-Yag pulsed
laser of 1.064pm wavelength is used in its Q-switched mode. The polarization of the
fundamental light is adjusted by the use of a polarizer (p). Red pass filter stops in case

any second harmonic radiation is present with 1.064 um. The objective we have used is
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Nd- Yag
Laser

Data

==k
filter
acquisition

amplifier [®] sustem

Figured.7.4.1 Experimental arrangement for d 4 measurement

40x 0.65 air objective. The CuSOy4 color glass or filter made by CuSO, solution can stop
red light effectively. In our experiment, the later one is used as a red stopping filter to
stop the fundamental light from reaching the detector. Another green Filter (GF) is used
to pass the green light up to the photo detector. A PMT with its maximum response
within the wavelength range 500nm to 600 nm is used as a photo detector. An ADC is
used to digitize the data required for constructing images from amplified signals.
Intensity profile along different horizontal lines in the region of high SHG can be drawn
by image processing software. The maximum pixel point intensities recorded from these
images by using MATLAB software are compared with maximum photo currents
recorded by the PMT for each image. Calibration of the photo current recorded by the
PMT and the intensity of light which generates this current is done before the main
experiment. We have obtained a linear relationship between photo current recorded by
the PMT and intensity of light, by passing green light of wavelength 532nm (with

changing power from 0.05mW to 1 mW) through all optical components kept after the
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sample of the main experiment as shown in the Figure4.7.4.1. and detecting by the same
PMT(each time). Using this linear curve, the data recorded by the PMT each time can be
converted to the intensity of light generated in the sample.

Images of two KDP samples of thickness, 11x 10° m and 12x 10® m and two
urea samples of thickness, 10x 10® m and 11x 10® m with their intensity profiles along
different horizontal lines in the region of high SHG are shown in Figured.7.4.2 to

Figure4.7.4.9.
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Figured7.4.2 SHG inage of KDP emhedded inplastic

Figure4.74.4. SHI of KDP embedded inphstic Figured. 745 intensity profile of Figure4.7 .4 4.

Figured 7.4.6. SHI of urea emhedded in plastic Figured 7 4.7. intensity profile of Fizured. 7 4.6.
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Figured 74 8. SHI of urea emhedded in plastic Figured. 74 9. inensity profile of Figured.7 4 8.
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Calculation of interaction length:

Using equation 4.7.4.2 and substituting the value of nj(w)= 1.4939 and ny(2 )= 1.51 for
KDP [96] and ni(w)= 1.4678 and ny(2 @)=1.49( calculated by using Sellmeier equation)
for urea, under the incident radiation of wavelength A= 1.064 um, interaction lengths are
found as, L= 14.595x 10% m for KDP and L= 12.9x 10 m for urea. Since the sizes of
the crystals are smaller than the interaction lengths, within which the second harmonic
signals are in phase with the polarization producing it, we may assume that there is no
"phase difference between SH and fundamental i. e. Ak= 0. From our experimental curves
it is clear that the maximum SH intensities generated for KDP crystals are 201 pW/ m’
and 206 pW/ m’ on the other hand for urea 248 uWw/ m? and 255 uw/ m’. Using these
values of I, in equation (1) the result we have found are as :

For KDP (Samplel): d ;= 0.533x10"? m/V, (Sample 2): dee = 0.558% 102 m/V

For urea (Sample 1): degr = 0.66 x 10”2 m/V, (Sample 2): degr = 0.78 x 1072 m/V

The tabled value of 4 for KDP is 0.51£0.02 10> m / V

While for urea it is about 1.4x10"2m / V.

The contrast in a SH image is obtained due to the variation of ability of the
specimen for producing second harmonic light which in turn depends on the second order
nonlinear co-efficient, d_; . But the value of dy depends on the molecular stfucture
mainly the symmetry property, the phase matching condition, the orientation of its
microstructure with respect to both the direction and polarization of the laser beam and

the absorption co- efficient of both the excitation and second harmonic beam. So these
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factors effect the contrast variation of the SH image. Already it is explained that we can
assume our experiment of microscopic sample with focused beam is in phase matched
condition and also the maximum second harmonic can be obtained for the microcrystal
whose orientation aligned with the direction and polarization of the incident beam.

Therefore, now let us discuss about the effect of symmetry property of the crystal.

KDP and urea belong to the tetragonal system with point group symmetry 42m.
They have only three non-zero co-efficient, d,,,d,;,d;; from second order susceptibility

tensor, although the number of independent coefficient is only one under Kleinman
symmetry conjecture, in which the nonlinear medium is considered as lossless medium.

Therefore the des value which is calculated by the equation (1) will give directly

the d;; value. The close proximity ofd_ obtained from our experiment with the listed d,,

value provides a reliable measurement of the first. For the cubic crystal having 42m and
23 point group symmetry, non-zero tensor co-efficients are djs= dys= d3s. Hence the deg
value will give the d;; value also. But, for the crystal symmetry classes having more than
one non-zero tensor elements and for absorbing media when Kleinman symmetry does
not hold, the polarization of the incident beam has to be adjusted for a particular
orientation of the crystal to obtain different d;; values. For different independent non-zero
tensor(d;) components, different independent measurements are to be performed by
setting the incident fundamental beam at given polarizations and detecting either s- or p-
polarized second harmonic. Formulas for der for the various crystal classes and for

various optical wave polarizations are available. However, for such crystals, we achieve
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the measurement of desr only and the measurement of different d;; values are yet to be
measured.

Some new organic, semi- organic NLO materials such as, N-(2.Chlorophenyl)-
(1-propanamide)[105], Glycine Sodium Nitrate [106] etc. have been recently synthesized
and optical SHG has also been detected from each of these substances. So the
determination of de value for such material is also important.

Correspondingly, we have analysed N-(2.Chlorophenyl) - (1-propanamide) with
the second harmonic generated from the object specimen as it is scanned. The SH image
of that synthesized sample constructed by our SHSOM as shown in the Figure.4.7.4.10
and Figure.4.7.4.11 gives the intensity profile. Before detecting the signal for imaging, it

is ensured that the signals are actually SH by the temporal pulse measurement technique

MNP WL

Figure 4.7.4.10. SHGI of N-(2.Chlorophenyl)- (1-propanamide) Figure4.7.4.11. intensity profile of Figure 4.7.4.10
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as explained in section 4.5. The maximum SH intensity value with the refractive
index(n,)=1.4639 and (nz,)y= 1.51 give us the deg value as 1.3605x102 m/ V.

In actual calculation the normalization relative to the known (KDP) sample can be
carried out so that the deg® varies directly with the SH intensity. It is also confirmed from
these measurements that the effective non-linear co-efficient for this new organic
material is greater than that of KDP crystal.

Although there are some other methods like Maker fringe measurement, phase
matched method etc. for measuring the effective non-linear susceptibility, the method
reported here has a great advantage in that no separate phase matching experiment is
required. The absorption correction can also be avoided for thin microscopic samples
having low absorption co-efficient like KDP(0.005 cm™). However, problem arises in the
measurement of different dij values for the crystals having more than one non-zero tensor
elements.

4.7.5. Study of some crystal defects and presence of impurity inside the
crystal:

A perfect crystal with regular arrangement of atoms can not exist. There are
always defects in the crystals [107].

Three basic classes of defects in crystals are:
1. Point defects- atoms missing or in irregular places in the lattice (lattice vacancies,

substitutional and interstitial impurities, self-interstitials).
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2. Linear defects- group of atoms in irregular positions (e.g. screw and edge
dislocations).

3. Planar defects- the interfaces between homogeneous regions of the material (grain
boundaries, stacking faults, external surfaces).

We have attempted to detect some crystal defects of crystal by studying SH
images recorded by our microscope in transmission mode. The experimental arrangement
is same as shown in Figured4.7.4.1.

Experimental Results:

The samples studied are single crystal of urea with the size of 50um and a single
crystal of KDP (63 um). The following are some such images: In Figure4.7.5.1 it is
observed that there are some dark spots at the positions A, B and C in the bright back
ground. The size of these spots are studied from the point of resolution and found that
these are of 3-5um. Hence it can be attributed that the spots appeared due to substitution
of the urea atoms by some other atoms so that no SH is generated from them indicating
point defects of the crystal. At the position D also, a black region appears
which confirms the absence of SH intensity. This is due to the presence of some impurity
inside the urea crystal such that the foreign material has inversion symmetry and hence

lacks of second order non-linear co-efficient. Again in Figure4.7.5.2 one dark line
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Figure 4.7.5.1.point defect and presence of impurity in urea crystal

Figured. 7.5.2 dislocations in KDP crystal
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appears at A. This may indicate that the edge dislocation of the crystal occurs due to the
extra lattice plane inserted in the crystal upto a certain distance. The insertion of this extra
lattice plane will disturb the original symmetry property of the crystal and also the crystal
orientation. As a result the variation of the second order non-linear co-efficient may occur
within the crystal whicih gives rise to a variation of second harmonic intensity generated
in the crystal.

4.7.6. Detection of microcrystal:

The position of nonlinear micro crystals grown over a substrate can be detected
by studying the second harmonic image [58]. Urea is grown over a rough transparent
plastic material. After deposition of the crystal, some crystals are removed by rubbing
gently over it.

ﬁxperimental Results:

The image is taken under the SHSOM which is shown in the Figure4.7.6.1.
Second harmonic is generated only when light passes through urea crystal but not
through the other portion of the substrate. The bright positions (A to F) of the
figured4.7.6.1 indicate the positions of urea microcrystals whose orientation coincide with
the direction and polarization of the incident beam. Similar microcrystals of LBO are

shown in Figure4.7.6.2.
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Figure 4.7.6.1.microcrystal of urea deposited in plastic material

Figured4.7.6.2 microcrystal of LBO in plastic material
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4.7.7. SHSOM as a tool of roughness detection:

At the interface between two materials or on the surface of a material, the
inversion symmetry is broken and hence it behaves like a non centro-symmetric
substance from which second harmonic generation is produced. This surface- enhanced
second harmonic generation (SESHG) can be used as a tool for probing surfaces and
interfaces since only the first few atomic or molecular mono layers on either side of the
interface take part in breaking the centro symmetricity[108]. The intensity of this process
at the surface is enhanced by many orders of magnitude at rough metal or semi-conductor
surfaces.

The equation for the second harmonic intensity I (2o) from an interface in either
reflection or transmission geometry, derived by Heinz [109], Mizrahi and Sipe [110] is
given as

327°w’ sec’ 6,

IQ2w) = S le(2a)).,{(2)e(a))e(a))lzIz(co) 4.7.7.1

Where 0,, is the angle from the surface normal at which the S.H.G. signal occurs, the
vector e(®) and e(2w) describes the fundamental and second harmonic light fields at the
surfaces and all other symbols have their usual meaning. From this equation, it is clear
that the intensity of the SESHG is proportional to the square of the fundamental intensity.
It also varies as the square of the surface non-linear susceptibility y® . The idea of
SESHG can be implemented in scanning optical microscopy [43],[111]. This type of
microscopy becomes very attractive due to the possibility of probing electro dynamics at

rough surfaces and hence providing a technique for surface studies [112].
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The location of bump or groove is attempted to be determined by studying the
SESHG intensity of the sample. The surface second harmmonic signal for a particular
horizontal line (without using the vertical vibrator) in the second harmonic scanning
optical microscope (far field, conventional) has been detected. These signals are
compared with the topographic signals detected by the scanning optical microscope
through the phase shifting interferometric method [99] for the same line. The phase
shifting is done by shifting the focal plane of the objective which is placed over a mount
fitted with micrometer screw.

We have studied the SESHG from Aluminum (metal) film and a semi-conductor
Tellurium film on polished glass substrate. Aluminum is a centro symmetric material
whereas Tellurium has no centro symmetricity and SH signal can be generated from the
bulk material also.

The experimental arrangement is as illustrated in Figure.4.7.7.1. An Nd-YAG
pulsed laser of wavelength 1064nm with a frequency of 10Hz and of pulse width <10ns is
used as a source of light in the second harmonic scanning optical microscope. The
microscope is used in its reflection mode. The incident beam is focused on the surface of
the specimen using an objective of N.A. 0.65. The specimen is scanned in two
dimensions in raster form repeatedly. The surface second harmonic signals along with the
fundamental light reflected from the sample are collected by the same objective. The SH
signals are then separated out from the excitation beam using a narrow band pass

interference filter. The filtered signals are detected by PMT to construct SH image. Then
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the vertical vibrator is switched off so that SH signal for a particular horizontal line can

be detected to give the SH intensity profile for that line. After that the filter and amplifier

Se PC

Figure4.7.7.1.scanning optical microscope in reflection mode. LS- laser source,

O- objective, s- sample, F- filter, A- amplifier, DAS-data acquisition system, Sc X-Y scanner

M
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4
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Figured.7.7. 2.Experimental arrangement for phase shifting interferometry.

are removed and an optically flat mirror is inserted as shown in the Figure 4.7.7.2 in such

a way that other components along with the object specimen is not disturbed. Now the
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resultant intensity of the two interfered beam (object beam reflected from the specimen
and reference beam reflected from the mirror) is recorded for the same horizontal line
mentioned above to get the surface profile for the line by phase shifting interferometric

method where the intensity at a particular point (X, y) can be written as
1(x,y) =1, + 'cos[o(x, )+ o(t)]

Is_Iz

where @(x, y) =tan"[I
17 %2

:] ; I1, I and I3 are intensity values at the point (x, y) for

three different phase differences of @(t) =0, n/2 and ©t respectively. So, the surface height map
can be obtained by using the equation h(x, y) = (\/4xn) ¢ (x, y) (assuming low numerical
aperture of the objective) along with the use of the phase — intensity graph as shown in
Figure4.7.73.

Experimental Results and Discussion: Figure.4.7.7.4 and Figure.4.7.7.5 show
SH images of Al and Te thin film respectively. Figure 4.7.7.6 and Figure 4.7.7.7 are
intensity profiles for Al and Te sample for two particular horizontal lines respectively.
Figﬁre 4.7.7.8 and Figured.7.7.9 illustrate the topography of Al film and the topography
of Te film respectively drawn by the data of phase — shifting interferometry experiments
for the same horizontal lines. These diagrams describe the dependence of SH intensity
with the roughness of the surface. The SESHG can be considered as the cause of this

dependence, since this type of enhancement of SHG depends on the roughness of the

110



1.2 4

1
0.8 -
0.6
0.4 -
0.2 1

0

NORMALIZED INTENSITY

S P P P PP P P PP
Ny @6"%&“”0& & @@m@ q?p" o

PHASE ANGLE

Figure 4.7.7.3. phase angle Vs normalized intensity curve

111



Figure4.7.7. 4. SH image of Al film surface Figured4.7.7.5. SH image of Te film surface
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Figure 4.7.7.6 intensity profile of Figure 4.7.7.4 Figure. 4.7.7. 7 intensity profile of Fig 4.7.7.5
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Figure 4.7.7.6 and 4.7.7.7: SH intensity variation with scanning length of Al and Te respectively,

Figure4.7.7. 8 and4.7.7. 9 : their topography representation
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surface and also on the interaction mechanism of surface roughness and surface plasmon
[75). The enhancement of second harmonic intensity at the surface defect like bumps has
been calculated by Anatoly V. Zayats et al [112]. The increase of second order nonlinear
susceptibility, x® at the peak may be the cause of such enhancement of SH at the surface
peak. The intensity of these non-linear signals falls off rapidly with the distance from the
focal plane [75] which can explain the decreasing intensity at the groove of the surface.

Figure 4.7.7.10 and Figure 4.7.7.11 show the variation of surface height for
corresponding SH intensity generated at the surface of the two samples. The root mean
square deviation (R%) reveals the close proximity of the two methods for roughness
measurement.

Though the SESHG and its adaptation on scanning optical microscopy is only in
its initial stage, conclusion can be drawn from the above discussion that it has the
probability of providing a suitable method for roughness measurement with further
experimental study. But to establish it through these experiments, some problems arise as
follows:

The phase shifting method is limited to shallow step heights of less than A/2.
Therefore, the sample roughness should be tested before the experiment by any other
method of roughness measurement so that height variation does not exceed the /2 value.

The roughness and flatness of the reference mirror should be far better than the sample.
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It is also difficult to determine the intensity profile and topography for the same
line separately. Only repeatedly performed experiments can give accurate result.
However, the result will be more accurate provided SH signal and topography can be
recorded simultaneously.

4.7.8.Axial resolution and Optical sectioning in SHSOM:

In the reflection geometry of a confocal scanning optical microscope, considering
the object specimen as a perfect reflector, the variation of measured intensity with the

axial position can be given as,

2

. u
sin —
I(u) = 4.7.8.1
u
2
8 mzsin (%)
where u = ————2; u is the optical co-ordinate when the response of the

A
reflection confocal system with defocus is considered. Here, z is the axial displacement
and o is the semi angular aperture of the objective. The optical sectioning in such a
confocal microscope can be achieved because light reflected from the plane axially
separated from the focal plane is defocused at the detector plane and hence fails to pass
through the pinhole [101].
If a conventional or type I scanning optical microscope is defocused, the image

spreads out, as a result the peak intensity becomes smaller and the minima become less
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prominent. So, from the point of conservation of energy, the latter no longer depends on
the defocus.

But, if we consider the second harmonic scanning optical microscope, according
to the three dimensional intensity equation (3.5.5), the second harmonic intensity varies
with the square of the fundamental intensity and hence the effective point spread function
is reduced by V2. Again the high power density with a tightly focused objective generates
detectable SH only within the focal plane. So such an illumination system rejects the out-
of- focus signal in SHSOM and without using an aperture in front of the detector, optical
sectioning can be achieved in SHSOM. As the off- focus points do not generate SHG, it
behaves like an aperture. This technique of rejecting the out —of —focus signal is named as
soft aperture effect [58].

In our experiment, a thin ZnS film of thickness 20pm is taken for finding axial
resolution of SHSOM. The ZnS has the tetrahedral structure. The crystal structure is
cubic with 43m point group symmetry and hence it has a second order non-linearity.

A ~ 50 pm thick unpolished KDP (KH,;PO4) crystal grown from its aqueous
solution on a plane glass mirror substrate is used as a thick sample for our experiment of
optical sectioning.

The SHSOM is used in its reflection mode for the measurement of axial
resolution and optical sectioning. Therefore, the experimental arrangement is same as
shown in the Figure 4.7.7.1. For axial resolution measurement, the pulsed laser light of

wavelength 1.064pm is focused into the sample whose substrate is a perfectly reflected
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plane mirror. The pulse width of the laser pulse is 7ns. The NA of the objective is
0.65(air). The objective (0) is moved along the z-axis in steps through a distance of {5z
by a micrometer screw fitted on its mount. The reflected SH intensity variation with the
movement of the objective along z-axis is detected by the photo multiplier tube (PMT)
after collecting it by the same lens (0). The peak responsivity of the photo multiplier tube
is at the 550nm. The interference filter (F) of narrow band width in front of the detector
prevents the exciting beam from reaching the detector.

Experimental Results:

The axial resolution curve for SHSOM is as shown in Figure 4.7.8.1. The FWHM
of the curve predicts that the axial resolution of the microscope is within 0.6pm and
0.7um. The theoretically calculated value of lateral resolution by using equation 4.7.2.1
and fitting the data of our experiment is about 0.7061. Thus the rapid fall of axial
intensity distribution curve indicates the presence of greater part of back- scattered SHG
than the reflected SH light in the detected signal. Since very tightly focused beam can
only give axial resolution, we repeat the experiment changing the objective of NA 0.8
and shifting the focused spot close to the sample — mirror interface which along with the
thin size of the sample can optimize the reflected light in the detected signal. These
modifications of our experiment improve our result and finally we have found the axial
resolution to be approximately equal to 2.2.as shown in Figure 4.7.8.2.

The axial resolution curve gives us the idea that in case of focused excitation

beam the SHG is mostly generated within a small area around the focal plane with high
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Fig 4.7.8.2 axial resolution curve for SHSOM; NA of the objective is 0.8
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power density and any SHG generated outside this area can be neglected safely due its
very weak intensity. Thus focusing the sample at different axial positions, and executing
horizontal and vertical scanning of the sample, information of different planes in axial
direction can separately be gathered resulting different images of corresponding axial
planes. A 50pm thick KDP crystal is placed in the sample holder of the SHSOM working
in its reflected mode. The experimental set up for optical sectioning in SH imaging is
similar as illustrated in Fig 4.7.7.1. The objective of NA 0.8 focuses the pulsed laser

radiation with a pulsed width 5ns, from the Nd- Yag laser source of wavelengthl.064pm
in to the sample. The x-y scanner of the SHSOM is used to scan the object in a raster
form. The scanning spot is first focused on the surface of the crystal. Collecting the
reflected SH signal, the SH image of the surface is obtained as shown in the Figure
4.7.8.3(a). The scanning spot is shifted along the z-axis in a step of 15um with the help of
the micrometer screw and the images of different surfaces are recorded. The recorded
images of these surfaces of the sample are shown in Figure 4.7.8.3(b), Figure 4.7.8.3(c),
Figure 4.7.8.3(d). Thus, we arrived at the optical sectioning by SHSOM as the images of
different surfaces along z-direction inside the sample can be obtained. The computer
algorithm for combining all images of different planes in the z-axis may give the 3-D

images of a thick sample which is in our future plan.
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(b)

Figure 4.7.8.3 (a), (b), (c),(d) the SH images of KDP crystal at four different surfaces along z-

direction
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4.8. Conclusion:

Thus, various application of SHSOM designed by us through its images proves
that it has a great importance in non—lingar optics (NLO).

Although better contrast and better resolution of SHI in SOM with high power
laser source than those of the conventional microscope are already reported, here we have
shown that these improved resolution and contrast can be obtained in the images of
SHSOM with low power laser also. The resolution of the designed conventional SOM is
improved by using confocal arrangement. However this has been already done by many
scientists

The existence of micro crack in a sample can be detected by the second harmonic
imaging mode of SOM.

The dependence of the SH intensity on second order non-linear co-efficient of the
sample is utilized to calculate the latter with the help of SHI obtained from our
microscope. The result coincides well with those of the known samples and hence we
calculate the same for newly synthesized sample also.

Crystal defects and the impurity of the crystal can also be detected with the help
of second harmonic image of our microscope.

We have illustrated here that the use of SESHG in scanning microscopy may
provide a suitable method for surface probing of a sample and the location of bump and

groove can be detected.

122



Although the optical sectioning in SHGI by femto second pulsed laser has been

reported already here, we are in a position to get it in nano second range.
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CHAPTER YV

CONCLUSION AND FUTURE DIRECTION OF
SECOND HARMONIC MICROSCOPE

5.1. Conclusion and Future Plan:

The design consideration of an improved scanning optical microscope and
adaptation of second harmonic mode of imaging in it have been described in detail. We
have observed second harmonic images of different types of samples. The samples
include inorganic crystals like KDP, ADP etc., organic crystal (urea), semi conductors
like ZnS, Te etc. Improved resolution and contrast of these second harmonic images are
observed in comparison to those observed through conventional microscopes. Various
applications of second harmonic scanning optical microscope like measurement of
effective second order non-linear co-efficient, detection of crystal defects and impurity,
detection of surface defects like bump or groove using surface enhanced second harmonic
generation and optical sectioning are discussed on the basis, of some experiments. As the
SHG microscopy is not yet a mature field and its work is in progress only, its applications
are still being discovered. The second-order co-efficients of different biological materials
vary over an enormous range and hence second harmonic images show very high contrast
in biological samples which help in studying diﬂ\'erent tissue structures [50],[53],[54],[55]
and also in disease diagnosis [59].

In our future view point, we expect the second harmonic imaging of biological

specimen making suitable arrangement necessitated by it. The high input laser power
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required for SHG is not suitable for the study of fragile and sensitive specimen such as
biological tissues [75]. Although, the high peak power of short pulses can generate
maximum second harmonic for a given average input power, photo damage of the sample
is induced from such extremely strong optical flux. To achieve efficient SHG from
biological samples, femtosecond laser pulses through high numerical aperture of the
microscope is routinely used. But the local interaction between biological samples with
light under such strong optical field causes permanent damage of the sample very easily.
Konig et al. have demonstrated that the loss of cell viability occurred at an average power
of ~7 mW for 150 fs pulses (with a 80 MHz repetition rate), corresponding to a peak
power of 0.56 KW, or a pulse energy of ~0.1 nJ [113]. In the same study they also
verified the non-linear nature of the optical damage in the femtosecond pulse regime.
Though the minimum pulse width of our Nd-Yag source is only 2.5ns, its very
high peak power of the order of tens of mega Watt induces photo damage very easily. For
adequate SHG we have to use the source with minimum pulse width which supplies the
maximum peak power. The low repetition rate (frequency) of only 10 Hz of the source is
another difficulty. The desired high average intensity of SHG and unwanted non-linear
photo damage can be best balanced by increasing the repetition rate of laser. With
identical peak intensity and pulse energy in each pulse, the mean power of emitted SHG
will linearly increase with the increase of repetition rate while no non-linear photo
damage will take place if the peak intensity and pulse energy is kept well below the photo
damage threshold [73]. Addition of such an arrangement in our experimental set-up may

help us to view biological samples under SHSOM.
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Three dimensional reconstruction of these images is also expected in our future
plan by improving our optical sectioning property of the microscope, discussed in the
section 4.14. The three dimensional reconstruction can be possible by the use of Voxel
View program on a Silicon Graphics Indigo 2 workstation [58]. The improvement of
resolution of such images is also expected by making confocal configuration to the

detected path in SHG.
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