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Chapter 1

Introduction 
         

Abstract

The electron microscopy (EM) and Raman micro-spectroscopy or microscopy (RM)

techniques are subject of this chapter. A short description of these two techniques,

used in material research, is given in this chapter. This overview will help to

understand the goal of the project, predict challenges and set a number of tasks.     
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1.1 General introduction.

        The main idea of combination of a confocal Raman microscope (CRM) with a scanning

electron microscope (SEM) is to get more information about the sample under research.

Considering a SEM with all it detectors such as SE (secondary electron), BSE (back scattered

electron), XRMA (X-ray micro-analyses) etc. as a basic device, we can imagine the CRM as

another additional detector, which upgrades SEM with molecular information about a sample.

Based on research topics of the tissue engineering area the possible applications of the combined

set up are described in this thesis. In this thesis we will show that a combined set up can be used

for the investigations of the degradation of polymers and extra cellular matrix formation. These are

two examples where the local molecular information (on micrometers level) and the high-

resolution imaging are needed to characterize chemical changes and newly formed tissue. 

        The parameters of the CRM will be described in chapter two. All kind of information-carriers

such as X-ray, secondary electrons (SE), back scattered electrons (BSE) etc., are excited by the

electron beam. Since the sample is fixed in space and the electron beam scans across the selected

field of view the different kind of data can be obtained only by re-switching from one detector to

another. This operating concept is also taken as basics for Raman detection. Several aspects of

mechanical integration, sample preparation and operational mode have been considered before

designing the mechanical layout. In this thesis the following subjects are consequently considered:

- Development of a concept for integration

- Development of a compatible Raman micro-spectrometer

- Overview of well-known approaches toward a combination of EM and RM

- Estimation of advantages and drawbacks of the different approaches

- Compromise between the best realizable idea for integration, present demands, possibilities

and cost.

        The obtained data and their analyses will be discussed in terms of correlation between data

obtainable by point-to-point Raman spectroscopy, full-range Raman imaging and readily available

capacities of SEM and environmental SEM (ESEM). 
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1.2 Electron microscopy

The SEM is designed to provide the user with a possibility to control a wide range of properties of

the electron beam: beam energy, typically over a range of 0.5-30 keV; beam divergence from 5 to

100 mrad; and beam diameter from 1 to 1000 nm, which mainly determines the resolution of SEM.

The reason for choosing a particular set of beam conditions from the available ranges of these

properties is usually determined by the type of information, which we are seeking from the

specimen. The basic principle of operation for SEM is an interaction between an electron striking

the sample and the sample itself. The incident beam of electrons dissipates its kinetic energy into

other forms of energy in a large dissipation volume. Several types of resultant radiation may be

detected [1]. Most important of these are emitted electrons (secondary or back scattered), X-rays,

cathodoluminescent light, transmitted electrons and acoustic waves. The interaction of the beam

with the specimen results in the following major effects:

- The trajectories of the beam electrons rapidly deviate from the incident trajectory due to

the effects of elastic scattering. Because of this effect a significant fraction of the beam

electrons actually re-emerge from the sample. This type of electrons is called backscattered

electrons.  

- The energy of the beam is rapidly diminished (at a rate of the order of 1-10 eV/nm) as

result of inelastic scattering processes. As result of inelastic scattering, energy is

transferred to electrons and atom cores of the material with subsequent emission of

secondary electrons (SE) and other kind of secondary radiation.  

Because of these events the diameter of the incident beam, which may be initially as small as

nanometers, is degraded to an effective value of micrometers. Therefore, in scanning electron

microscopy the spatial resolution is mainly determined by the diameter of the energy dissipation

area [2].

Spatial resolution and contrast.

       The energy dissipation is often approximated by Monte-Carlo simulation techniques [3]. The

production of secondary radiation along the electron path can be calculated from the appropriate

cross section, specimen parameters (atomic number, density) and path length.  An approximate

drawing of electrons penetrating in the sample is shown in fig.1.1. There it can be seen that a basic

difference exist in spatial resolution between the transmission electron microscope, which requires

such thin specimens that there is virtually no beam spreading and the scanning electron

microscope. The spatial detection limit is thus the size of the smallest “point” that can be observed.

Also resolution depends on contrast and the signal-to-noise ratio. To increase the resolution and

decrease the dissipation region gold and carbon coatings are applied to a specimen for SE imaging

techniques.  
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Figure 1.1 Energy dissipation volume. The trajectories of the beam rapidly deviate from the incident

trajectory due to the effect of elastic scattering. The energy of the beam is rapidly diminished with passage

through the solid at a rate of the order of 1-10 eV/nm or more as result of inelastic scattering process. The

diameter of the incident beam, which may be initially as small as nanometers, is degraded to an effective

value of micrometers.  

Imaging modes.

        Under typical operation conditions a sample produces more backscattered than secondary

electrons. The cross sections of these events are follows:

- The cross sections for elastic scattering, as a function of the scattering angle θ for a

constant value of the electron energy E is given by:

                                            
)1()4(16 2

0

24

δδπε
π

+
=

E
ZeQBS                                                               (1.1) 

Here e is electron charge, E is electron energy, Z is the atomic number of the scattering atom, δ is

the screening parameter.

- The differential cross section with respect to the secondary electron energy as a result of an

inelastic scattering event is given by:

                                            2

4
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SE EEEN

ZeQ
−

=
π

π                                                                (1.2)

Here nc is the number of electrons per atom, A is atomic weight, EF is the Fermi energy, ESE is the

secondary electron energy, E is the beam electron energy.

       However, most often used is the secondary electron mode. One of the major reasons for this is

the efficiency with which the secondary or backscatter electrons can be collected. Since, the

secondary electrons are low in energy, efficient collection may be obtained, even with a small or

distant detector [4], by applying an electric or magnetic field to appropriately deflect the electrons.

Backscattered electrons, on other hand, are high in energy and not easily deflected. Efficient
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backscatter detectors, therefore, must be large enough in size, and positioned correctly, so as to

intercept a high fraction of the emitted signal. This leads to typically worse resolution than for SE

imaging.   Contrast arises from spatial variations in those properties that affect the intensity of the

signal, so in each mode information is obtainable concerning a group of properties. These different

detectable properties give rise to forms of contrast. Thus, using the secondary electron signals of

the emissive mode, it is possible to observe topographic contrast. Any factor, which causes the

secondary electron signal to vary, as the beam scans from point-to-point, is said to be generating

contrast and so is capable of being imaged. Contrast can be caused either by a change in the

number of secondary electrons, or by a change in the efficiency with which they are collected.

Thus, if the beam scans over a surface with topography then the local angle of incidence, and

hence the secondary signal, will vary with position and a topographic image will be produced. This

is a nice analogy with optical imaging produced in diffused light (strong shadows will be absent).

However, at high magnification several artifacts in contrast formation can be observed. A bright

line marks the edges and sharp features in the image. This occurs because, at an edge, secondary

electrons can escape from two rather than just one surface. If a feature size falls into the

micrometer range such effects become more significant and image interpretation becomes more

difficult. Backscattered (BS) imaging provides information that is complementary to that from

secondary electrons. It also provides some data about the crystallography and chemistry of a

sample. The contrast formation in the BS mode yield from a specimen varies with the atomic

number of the target [5]. Thus, a heavier material backscatters more than a light material. If the

material within the interaction volume is composed of an atomic mixture of Z1 and Z2 then the

effective backscattering coefficient will be that of a compound of which the effective atomic

number is Zm.

                                      Zm = x*Z1+(1-x)*Z2                                                                                                                       (1.3)  

Where x is the atomic fraction of Z1. The variation in signal level of a BS image can, therefore

reflect, sometimes even at a quantitative level, the changes in atom composition of the specimen.

For a typical SEM, atoms lighter than carbon are not detectable by BS or X-ray microanalysis.

However, biological and organic samples consist mostly of low atomic number atoms in their

molecules. Thus, with the low efficient BS detector and low efficient bio-sample, chances to

obtain chemical information are very small. 

X-ray microanalysis

         Two kinds of X-ray signals can be radiated by a striking e-beam. The first is the continuum

or Bremsstrahlung. This arises because the incident electrons are decelerated by the field of the

positive charges on the cores of atoms. 
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This intensity extends from zero energy up to the incident beam energy and at some energy E, the

intensity I(E) has the form [6]: 

                                   
E

EE
iZEI M

)(
)( 0 −⋅=                                                                              (1.4)

where “i” is the electron current, ZM is the mean atomic number of the target and E0 is the incident

energy. Here, the intensity is proportional to the mean atomic number of the sample so the

continuum signal does not contain any specific chemical information about the sample.    

        Secondly, the interaction of an incident electron with an inner-shell electron can result in an

ionization event in which the bound electron is ejected leaving a vacancy. Subsequently, the atom

de-excites by an electron dropping from an outer shell and emits its excess energy as an X-ray.

The energy of the X-ray is equal to the difference in energy between the inner and outer shells

involved in the transition. X-rays as quanta of electromagnetic radiation, have a wavelength λ,

which is related to the energy. The energies of the shells vary with atomic number and the energy

difference between shells changes significantly even for atoms with adjacent atomic numbers [7].

Thus, the elemental composition of the sample region irradiated by the e-beam can be determined.

Typical interaction volume is of the order of order ~10-12 cm3 [8] that is comparable to the

sampling volume in modern confocal Raman microscopes [9]. 

Summary

        The main disadvantage of X-ray microanalysis is that, as in case of BS detection, lower

atomic numbers than carbon, hardly can be detected. Thus, elemental analysis of bio-specimens is

extremely difficult and molecular analysis is not readily available at all. Therefore, both for

investigation of organic components and inorganic components of biomaterials, it is useful to add

chemical specificity by the introduction of a confocal Raman microscope. Also a Raman

microscope allows to observe the spatial distribution of the materials.  

1.3. Raman scattering

Time varying electromagnetic fields can induce electric and magnetic moments in matter. The

induced electric dipole moment oscillates with the same frequency as the incident field. 

                                                  )( tEaP ω
rrr

=                                                                            (1.5)

Where α is the molecular polarizability.  

However, the induced electric dipole moment may oscillate also at sum- and difference

frequencies of the frequency of the incident field if there are other modulating vibrational

movements in the system.  By detection of these vibrational modes immediate information about

the molecular composition is obtained. When a molecular system interacts with radiation of

frequency ν0, it may make an upward transition from a lower energy level E1 to an upper energy

level E2 [10]. The energy E2-E1 may be expressed in terms of a wavenumber νm associated with the
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two levels involved, where ∆E=hcνm. This phenomenon gives rise to the anti-Stokes and Stokes

shifted frequencies observed in Raman scattering. The mathematical description of the scattering

process is known as the scattering cross section, which is a measure of the probability that a

process will occur.  If the electric field intensity does not vary over the molecule, then the

perturbation Hamiltonian can be written as:

EPH
rr

⋅−= , where ∑=
j

jj reP rr  - is the electric dipole moment with (e,r charge and position of j-

particle)  and [ ] iffi PP ΨΨ=  is the electric dipole transition moment for the transition f←i,

when the system is perturbed. 

The Raman transition probability for all wave vectors k of applied electric fields is:

                        ∑ +−=
k
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is the Raman scattering tensor, lω -laser frequency and nl -refractive index of the medium at the

laser frequency. The expected amount of Raman scattered photons per second from a number of

molecules N is:

                                         
τ
ωω

ω
)( RL

L

L
Raman V

NIn ±
⋅=

h
                                                                  (1.7)

Typically the intensity of Raman scattered light is very low and is of the order of 10-7 of the

exciting radiation. In general the intensity of Raman scattering is directly proportional to the

intensity of incident radiation. For the specific case of the intensity of a Stokes Raman band with

frequency νν, scattered by a randomly oriented molecule, follows:

                                     ∑−=
ij

mnijvmn vvKII
24

00 )()( α                                                               (1.8)

By applying a quite powerful laser system and a large number of molecules in the excitation

volume high intensities of Raman scattering can be obtained. In the following chapters we will

speak about micro-Raman set up’s which have usually a compact sized laser source. Therefore,

large laser excitation powers and huge number of molecules are not available here.  

Raman spectroscopy

       As it is possible to see from (1.6) the scattered light may contain the same frequency as the

incident light (emitted photon has the same energy as the absorbed one), this type of scattering is

called Rayleigh scattering. Also two symmetrically located frequencies (emitted photon has less or
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more energy than annihilated photon) are present.  This type of scattering is called Stokes and anti-

Stokes Raman scattering respectively. By recording a spectrum of Raman scattered light the

chemical composition of a sample can be identified [11]. The low frequency Stokes region of the

Raman spectrum of vitamin E is shown in fig. 1.2. Thus, Raman spectroscopy can be used to study

the molecular composition and changes in it caused by dynamic processes. 

       Several spectral devices based mostly on different optical techniques were developed.

Depending on the sample a different kind of spectral resolution may be required. Since Raman

scattering has a quite low intensity, a basic challenge for all micro-Raman systems is the

sensitivity of the detection part. Before, gas light sources and photosensitive films were applied for

obtaining spectral information. Now, all Raman spectrometers use laser sources and cooled CCD

detect rs [12].
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 1.2 Raman spectrum of vitamin E in solution (97%).  The spectrum contains several vibrational

ncies each corresponding to certain molecular bonds. The spectrum has been acquired at 30 sec time

 mW power on the sample. The spectrum was recorded by the constructed CRM described in chapter

ifferent kinds of optical dispersive systems may be used to separate the spectral components

an scattered light like: prisms, diffraction gratings, LCTF or AOTF, FTIR [13-14] etc. For

tion of Raman scattering also several possibilities exist like: direct laser beam, SERS, near-

ptics, microscopic illumination and detection [15-16] etc. 

ding on the particular purposes one or another scheme may be used. An advanced version of

an micro-spectrometer is a confocal Raman microscope, which is capable to image a

ic chemical component. For transparent materials a 3D image can be built by focusing a

t different depths in the sample.
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Raman microscopy.

        Raman microscopy is an optical technique for which spatial resolution is limited by the

diffraction factor. The Raman micro-spectrometer, which combines in itself a Raman spectrometer

and a confocal microscope, is a set up widely produced by many commercial companies. The best

Raman microscopes have a resolution of ~ 0.5 µm in lateral and ~ 2.5 µm in axial direction. Such

systems allow the study of the molecular composition of a sample even at the single cell level [17].

In contrast with light microscopy, the Raman microscope, as a chemical probe, is capable to form

images of transparent objects and resolve the chemical components in it. A Raman image of an

embedded polymer in a PMMA block is shown in fig.1.3(b). Another advantage is that Raman

microscopy is a purely chemical imaging technique forming contrast without any staining, labeling

etc. (if the sensitivity of the set up allows to do).    

       Several types of Raman microscopes have been developed based on different image formation

techniques such as: global illumination, Hadamard transform [18], mirror scanning [19] and

sample scanning mode. Depending on the purposes each system has advantages and drawbacks.

The Raman microscopes in general can be divided by imaging principle: systems that use a global

imaging and scanning systems with focused laser beam. Most of the global imaging systems use a

filter (tunable filter) to select a specific Raman band without obtaining a complete spectrum. Most

of the scanning systems use a spectrograph system for obtaining a complete spectrum or several

interesting bands. Raman microscopes utilizing a spectrograph can form an image of several

components in a non-homogeneous sample. This is achieved by recording a complete Raman

spectrum in each point of the scan. This, option is not available for globally illuminating Raman

microscopes utilizing AOTF’s (LCTF) etc. However, in that case a Raman image for one selected

frequency can be formed much faster.

In scanning systems less powerful lasers can be used since the energy density in the focused spot is

several orders higher than in the spread out intensity of the global illuminating mode. Thus,

depending on the sample and the particular goal a suitable type of system can be selected. In

fig.1.3 two examples of Raman images formed by a scanning confocal microscope described in

chapter two are presented. In fig.1.3a a non-transparent inorganic material (Calcium phosphate)

was embedded in a transparent PMMA block and imaged. By selecting the proper Raman

frequencies belonging to PMMA and (Ca9(PO4)6)  the spatial distribution of the different

materials can be obtained. As another example, in fig.1.3b a transparent organic material (bio-

degradable polymer) is embedded in a PMMA block. Two transparent materials are

indistinguishable under a white light microscope while in a confocal Raman microscope, their

spatial distribution can be formed.  In both pictures dark gray presents the PMMA area while light

gray present calcium phosphate and polymer accordingly. 
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ned operating mode and the correct way of images



Chapter 1 ______________________________________________________________________

11

- Based on requirements of the sample preparation select suitable 

      procedures, which will satisfy demands of each technique.

-  Develop a procedure to create “user confidence” so that a user is confident that he is

measuring the Raman spectrum from the same point on the specimen that he has selected

while observing the sample in the electron microscope. 

In the following chapters of this thesis the theoretical and practical approaches for the best solution

are described.   

       In chapter 2 of this thesis a description is given of the design and implementation of a

confocal Raman microscope. This CRM was specially designed for integration with electron

microscopes. Choice of components and their parameters, spectral and spatial characteristics of the

CRM are discussed in this chapter. 

        In chapter 3 the mechanical lay out of a combined instrument, both with SEM and with

ESEM are given. Moreover, the possible realization of the combined set up will be discussed.

        Experimental application of the newly developed combined technique is shown in chapter 4.

Based on obtained results an outlook for further research topics in the bioengineering area is

proposed.   

         To further improve the spatial resolution of the CRM, a 4-Pi configuration is proposed in

chapter 5. Several aspects of this type of microscope and its application for Raman microscopy are

discussed. 
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Chapter 2

Design of a confocal Raman microscope
___________________________________________________________________________

        Abstract   

A high throughput confocal Raman microscope (CRM) was developed for low

intensity bio-applications and a flexible scheme was designed for the integration

with an electron microscope. A compromise between spectral characteristics,

imaging properties, signal-to-noise ratio and compactness of the set up was

found. A minimum admissible number of optical elements is used in the CRM to

increase the signal throughput. A special optical design of the spectrograph to

increase the efficiency was developed for the new compact CRM system. As an

excitation source for Raman scattering a temperature-stabilized laser diode is

applied.  The CRM allows to investigate both the Raman spectrum and a 3D-

Raman image with a relatively low concentration of the chemical components in

a sample. Examples are DNA or protein in a cell. Due to the high throughput of

the whole system it becomes possible to excite the Raman scattering with lower

laser power, that reduce the cost and size of a set up. The spectrograph

simultaneously provides a high-throughput and a spectral resolution of 1-2 cm-1

at a compact size.  In this paper, the optical design and several spectral and

imaging characteristics are described in detail. The Raman image formation

technique was selected to keep all the image parameters constant during the

image formation and to provide some additional advantages. 

In this chapter, the theory of CRM and some critical points of the design are

pointed out. Results of the designed CRM and test measurements are presented.

The principle characteristics of the spectral-imaging equipment are illustrated

and a comparison with several commercially available systems has been made. 
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2.1  Introduction.    

            Before designing a confocal Raman microscope it is necessary to set the demanded

characteristics for the CRM. They depend on the parameters of the research object and the mode of

utilization. The estimation, based on research requirements, allows to optimize the construction of

a set up by setting a number of design criteria that have to be met. One of the applications of a

Raman micro-spectrometer is in the bioengineering area. Such topics as synthesis of biocompatible

materials, investigation of their interaction with living tissue or cells are involved in this area.

Large numbers of bio-products with various molecular compositions are synthesized. Complex

bio-engineered devices and products of their interactions with living tissue may contain different

substances. Thus, the developed design should be capable to evaluate properties of organic and

inorganic materials. Both SEM’s and CRM’s are existing in several configurations separately. To

appear as part of an electron microscope (particularly SEM “525” and ESEM XL30) the

construction of the CRM, and coupling parts should not limit the capacities of the SEM and vice

versa, the working characteristics of the CRM should remain unchanged. Thus, the design of the

CRM must satisfy not only the object’s requirements but also common design criteria. Moreover,

design of this prototype should yield a set up with a commercial performance. 

        A number of confocal Raman microscopes are produced by several companies. However,

important parameters of the system such as: efficiency, spectral resolution, compactness and

design are not compatible with integration in a SEM/ESEM and therefore are not satisfying our

demands.  

       Taking this in consideration and after investigating a number of commercial Raman

microscopes we have decided to develop a completely new CRM with parameters optimized for

our purposes. 

     By way of a point of departure for designing this CRM an investigation of the molecular

composition of a single living cell has been undertaken. In the bioengineering area it is one of the

most challenging objects for Raman micro-spectroscopy. Thus, the capability to detect cellular

components gives us some guarantee that such characteristics of the Raman microscope as

sensitivity, signal-to-noise ratio, spectral resolution and spatial optical resolution are well suited

for more simple objects as well.  

       To compare the spectrograph with all available dispersive systems is not necessary. Each

remark in the chapter about a commercial dispersive system means that the mentioned system has

the best characteristic available at present time.
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2.2 Design of the CRM

        Let us consider consequently the principle units of the CRM (see fig. 2.4). These are an

excitation source, optics for excitation and collection of the Raman scattering, dispersive system

and photo-detector. To proceed from the research topic, excitation wavelength and emission power

are the basic demands to the excitation source. Raman spectroscopy and microscopy of living cells

makes a limitation to the excitation wavelength and power that can be applied on a sample so as to

preserve them from thermal destruction [1]. A compromise between the thermal destruction of the

object, preventing fluorescent emission and a relatively high energy of excitation should be found.

The combined set up of the CRM-SEM will not allow to measure such an object as a living cell,

because of vacuum conditions and the e-beam in the SEM. However, at the combination of CRM

with ESEM, the object of research can be kept wet. This means that whether the object is alive or

not, the ESEM allows to keep a natural shape of the object and, anyhow in stand-alone mode, the

CRM might operate on a living object. Small diode lasers (DL) can be applied for the excitation of

Raman scattering. Frequency stability as well as power output has to be supplied to obtain reliable

data depending on the spectral characteristics and imaging properties of the CRM. Because of all

mentioned considerations a laser diode (LD) operated at 685 nm has been selected as an excitation

light source. According to data obtained from LD producers the maximum emission power for

diode lasers operated in single mode at 685 nm is about 50 mW. The thermo-electrically stabilized

emission frequency has a FWHM of 10GHz (0.01nm). Such a source is suitable for our purposes. 
15

Figure 2.1. Emission curve of diode laser

“Mitsubishi 1310MR”

FWHM(0.01nm) for the emission curve  is

5*106 A.U’s, however the intensity at 30 nm

(~500cm-1) further from λ0 is comparable with

the intensity of non-resonant Raman scattered

light.                                                                

For low-light application such as Raman microscopy the Lorenzial shape (fig.2.1) of an emitted

frequency of a DL has to be taken into account. The lateral wings of a Lorenzial curve propagate

further both in Stokes and in anti-Stokes region. Thus, they are really overlapping with the Raman

frequencies. To suppress these lateral slopes an interference filter (IF) with a relatively broad pass-

band (3 nm) is installed right after the DL. The spectral transmittance of the interference filter is

presented in fig. 2.2.
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Figure 2.2 Spectral transmittance of

the interference filter N F10 “CVI

laser”. Maximum transmittance for

λ0(685nm) is about 60-70 %. FWHM

of the filter is 3 nm. At point 6.6 x

FWHM ( ~ 350 cm-1) suppression of

the side lobe of the laser emission is

1000 times. Copied from data sheet of

“CVI laser”

The transmittance of the IF for a given wavelength depends on it’s spatial orientation,

environmental temperature and in most cases is about 50 % and for best alignment can be 70 %. A

principle loss of power occurs at the IF. However it is really necessary to suppress the lateral

“wings” of the Lorenzial emission curve of a diode laser. It is especially important in

measurements of such a sample like a biological cell. A double lens system for collimating and

forming a circular symmetric beam has been applied. A well-aligned system is providing a

diffraction limited spatial resolution.

      Light emerged from the LD passes the interference filter and is reflected by a dichroic beam

splitter (BS) with an efficiency ~85 % toward a microscope objective. The spectral characteristics

of the dichroic beam splitter are shown in fig.2.3.          

      λ0 50     350              cm-1
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Figure 2.3 Spectral characteristics of the

dichroic beam splitter “Chroma”. For a

given excitation wavelength the reflection is

~85% and suppression in the collection part

for νR> 500 cm-1 is ~90%. 

Figure obtained from “Chroma”, Filter

N13189.

This kind of filter provides a maximum reflection for the laser line in the excitation path and a

maximum suppression of laser frequency and anti-Stokes Raman frequencies in the collection part. 

620 640 660 680 700 720 740 760 780 800 820 840
0,0

0,3
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It is obvious that for research topics involving measurements of anti-Stokes Raman frequencies

this filter is unacceptable, however for our purposes it gives double advantage of more effectively

using the excitation energy and a high percentage of collected energy. 

         For excitation of Raman scattering an infinity corrected microscope objective is applied

(“Zeiss”100x, 0.9N.A., dry). Backscattered Raman emission is collected by the same objective and

guided through the dichroic BS.  Throughput of the dichroic BS for Stokes Raman frequencies is

about 85-90% and suppression of laser reflection or Rayleigh scattered light is about 80%. The

scheme of the CRM is presented in fig.2.4.

       

Figure 2.4. Configuration of the CRM. As an excitation source, a 685 nm diode laser with 50 mW of

output power is used. Excitation and collection of Raman scattering are performed by a high numerical

aperture objective. The entrance pinhole of the spectrograph plays a double role: both as confocal

diaphragm and as a spectral component of the spectrograph. Dispersed Raman scattering falls onto a CCD

chip.
17

       The primary suppression of the Rayleigh scattered light (~106 for λ0) is achieved by a

Holographic Notch-filter (NF) [2]. Suppression bandwidth (FWHM) of the NF  (for Raman

application) is about 10 nm (ν0± 150 cm-1).         

       Further, a parallel beam is focused by a condenser lens onto the entrance pinhole of a

spectrograph-monochromator (SM). Inside the SM incoming light is decomposed and focused on

the CCD chip. To keep sizes of the system small and for convenience of operation a thermo-

electrically cooled CCD camera was chosen. The thermo-electrically cooled CCD camera was

selected making a compromise between price, compactness and working characteristics. 
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In fig. 2.5 the spectral efficiency of the CCD chip is shown for a 1024x256 BR (EEV, “Princeton

Instruments”, Back illuminated, Red region).   

Figure 2.5
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.  Spectral efficiency of CCD chip used both in TE and in LN version of 1024x256 BR cameras

ceton instruments. Graph copied from data sheet of “Princeton Instruments”.  

 is most suitable for our set up since it has maximum efficiency in the chosen working

hus, from quantum efficiency point of view both TE (Thermo-electrically cooled) and LN

itrogen cooled) versions are sufficient. Although the LN camera has a lower operating

re and consequently has smaller dark current, still the TE operating mode plays

 role. The TE camera is much more handy for operation and does not require such special

 a liquid nitrogen source. In table 2.1 the primary characteristics of the CCD noise are

 for the most suitable cameras. It can be seen that the dark current for the LN version is at

imes lower than for the TE version (min working temperature for the purchased TE

 -750 C). This difference is not crucial. However, another camera equipped with a B-chip

ange ~500 nm-max efficiency) has a dark current 50 times lower than the BR-version at 2

er quantum efficiency in the region of interest.  To estimate these two cameras on better

nces, the calculated S/N ratios have been compared. Several different conditions were

 for the B and BR version. The S/N ratio for the CCD camera can be estimated according

].   

                  RDctnPt
nPt

N
S

++
=                                                                   (2.1)

antum efficiency, P-number of photons/sec, t –acquisition time, Dc- dark current

s/sec), R – read out noise (electrons/event).  
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Table 2.1 Primary noise characteristics of most suitable CCD cameras. The listed values were copied

from data sheets of “Princeton Instruments” 

CCD-1024x256BR TE

Read

out

Typical at 100 kHz

~ 7e

Typical at 1 MHz

~ 17e 

Maximum

10e, 20e

Dark

current

Typical at –900C 

0.1 e/p/sec

_____________ Maximum

2.5 e/p/sec

CCD-1024-256BR LN

Read

out

Typical at 100 kHz

~ 7e

Typical at 1 MHz

~ 17e

Maximum

10e, 20e

Dark

current

Typical at –1200C

0.01e/p/sec

_____________ Maximum

0.03e/p/sec

CCD-1024x256B TE

Read

out

Typical at 100 kHz

~ 7e

Typical at 1 MHz

~ 17e

Maximum

10e, 20e

Dark

current

Typical at –1200C

0.0025e/p/sec

_____________ Maximum

0.03e/p/sec

In fig.2.6 a, the S/N for B and BR cameras at 30 or 100 photons/sec (signal strength) as a function

of acquisition time at full vertical binning are shown. In fig. 2.6 b, the S/N for B and BR cameras

at 200 and 30 sec (acquisition time) as a function of the amount of incoming photons at the full

vertical binning are shown. In fig.2.6.c and 2.6.d the same S/N analysis is presented, but only for

10 pixels of vertical binning.  For that case, 10 pixels were taken for calculation since it is the

approximate number of pixels, used in pinhole equipped spectral devices.  The S/N ratio was

simulated as function of acquisition time and amount of photons for full vertical binning and

selected binning. The chosen CCD is operating at –750C. The size of the chip is selected

considering the spectral and imaging properties of a specially designed spectrograph-

monochromator system. Final choice of all components was based on a detailed estimation of the

required working characteristics of the CRM. There are three principal working characteristics of a

CRM: spectral resolution, spatial resolution and sensitivity. Because of small changes in the

molecular composition, which may occur, an as high as 1-2 cm-1 spectral resolution is desirable.

To achieve a maximum throughput for the CRM, a limited and fixed spectral working range for

the optical components was chosen. 
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                                 (c)                                                                               (d)

igure 2.6.  Signal to noise ratio calculated for B and BR chips of CCD camera. The S/N ratio for BR

meras becomes higher than for B cameras only at a certain amount of photons. The amount of photons

om research objects is expected to be above this level.      

3. Spectrograph-monochromator system. 

    Since the commercially available spectrometers don’t satisfy our specific demands an own

ectrograph-monochromator was developed for the CRM. The sensitivity of a CRM can be

creased by optimisation of the set up for a limited spectral range. The frequency shift in the anti-

tokes region of the Raman scattering is identical with that in the Stokes region but the intensity of

ti-Stokes Raman scattering is much smaller [4]. It is seldomly needed to use both Raman regions

r an investigation [5]. Limitation of the spectral region to the Stokes side of the spectrum allows

 optimise the throughput of elements of the set up. The spectral resolution depends on the type of

dispersive element, on the aberrations and on the output focal distance. 
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Considering the application purposes the working region of the spectrograph has been selected

from 650 to 950 nm. The spectral resolution, as it was mentioned before, is required to be about

~1-2 cm-1. For the combined CRM-SEM set up the CRM should have a compact size and should

be easily replaced from one composite device to another. For the design of the spectrometer,

therefore three main parameters were taken into account: throughput, spectral resolution and

compactness. Using a compact LD, a thermo-electrically cooled CCD and a compact spectrograph

the size of the CRM is considerably reduced. 

2.3.1.  Optical scheme of the spectrograph.

         There are numerous configurations of dispersive systems, using different optical dispersive

elements and designs. Because of the desired spectral resolution, a spectrograph system based on a

diffraction grating [6] was chosen. Depending on the requirements, a dispersive system can

operate both in the “spectrograph mode” where the working wavelength range remains unchanged

and the “monochromator mode” where the working wavelength range can be changed usually by

rotation of the diffraction grating. A compromise between covered spectral range and spectral

resolution must be found since both the size of the CCD chip and the pixel size of the chip are

limited. As was done for the rest of the optical part, an increase in efficiency can be achieved by

reducing the number of optical elements. It also will decrease the size of the complete dispersive

system. A concave diffraction grating simultaneously produces an image and decomposes light

into its spectral components.  Such spectrographs contain only one optical component and the total

transmittance becomes equal to the grating efficiency. Therefore, a spectrograph system based on a

concave diffraction grating has preference for our particular application versus the wide spread

Czerny-Turner configuration, also since it has a smaller size and a higher efficiency (efficiency

also depends on the λ/d-parameter and the blazed wavelength, which will be considered below).

Another solution is offered by “Kaiser optics” for their “Holospec” family of dispersive systems

[7]. This system contains two lenses and a transmission diffraction grating. The claimed efficiency

for their system is about 80 %. The “Holospec” satisfies our demands in size and efficiency.

However there are still a number reasons to make an own spectrograph and not take the

“Holospec” system:

- To change a wavelength region it is necessary to change (replace) the whole diffraction

grating holder. This might lead to misalignment, since disassembling is required.   

- The “Holospec” system also can be supplied with a broad band grating covering all Raman

Stokes-frequency areas, but obviously, the linear dispersion (at the pixel size 25 µm) drops

to a 3.7 cm-1 per pixel, which does not satisfy our demands (~ 4 times less resolution than

our system).
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       Given these considerations our own spectrograph has been designed for our particular

application.  

2.3.2. Principal characteristics.

          All principal spectral parameters of a spectrograph based on a concave diffraction grating

can be derived from the equation:

                                       λβα ⋅⋅⋅=+ − dn610)sin()sin(                                                        (2.2)

where n – order of diffraction, d-groove density g/mm, λ -wavelength of light in nm, α-angle of

incidence of the entrance beam, β- the angle of diffraction. Most of the concave gratings are

submitted to the Rowland condition, which gives us the relation between object and image location

in a diffraction plane (fig.2.7). For concave gratings working in the Rowland circle the spacing is

not constant around the grating surface, but it is constant along a chord. The relation between α

(incidence) and β(diffraction) angles is according to [8]:                                                                           

                                       0)(cos)cos()(cos)cos( 22

=−+−
ba rRrR
ββαα                                      (2.3)

where R- radius of grating , ra-object distance from grating, rb-image distance from grating. Since

the spacing is constant along the chord we can write for the angular dispersion of the grating, using

(2.2):     

                                                     
)cos(

10 6

βλ
β −⋅⋅
=

∂
∂ dm                                                                       (2.4)

λβ ∂∂ / - angular separation β∂  between λ and λ+ λ∂  (radians/nm) .

Using the Rowland conditions and the angular dispersion of the grating, the linear dispersion is

given by: 

                                                        
Fl
1

⋅
∂
∂

=
∂
∂

β
λλ                                                                          (2.5)                             

where l∂ is the distance in image plane between λ and λ+ λ∂  and F-is the focal length of the

focusing element. When the concave diffraction grating is submitted to the Rowland law the focal

length is equal to the image distance (r2). Thus, the linear dispersion and the pixel size of the CCD

used for registration of the spectrum, in general determine the spectral resolution. A larger output

focal distance increases the linear dispersion, however it makes a dispersive system larger and in

addition to this, increases the diffraction-limited spot size if no aberrations are included. Most of

the spectrograph systems have astigmatism. Because of this and to obtain a maximal spectral

resolution, a CCD chip should be placed in a tangential image-plane. The basic parameters of the

spectrograph can be found by using 2.2-2.5. 
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In first approximation the following data set satisfies our demands: concave diffraction grating

with 1200g/mm, Rowland circle with a radius of 300 mm and approximate position of pinhole and

image of about 260 mm. First the “Eagle”(Littrow) configuration has been chosen because of its

compact size, where tangential image and object lies on a Rowland circle. To select an exact

mutual position of grating, pinhole, images, angles of incidences and diffraction angle for the

blazed wavelength, the following questions must be considered:   

      -     The efficiency of a selected grating for a given scheme

- Image formation for the chosen scheme

- The constructional location of the entrance pinhole and CCD. 

       Because of the relatively low numerical aperture (N.A.< 0.5) of the spectrographs, it is enough

to calculate its parameters and aberrations based only on geometrical considerations [9,10]. The

scheme presented in fig.2.7 is used for calculation of the exact positions of the spectral spots

formed by a diffraction grating. The locations of spectral spots can be calculated by applying

Fermat’s principle [11], which is widely used for calculations of aberrations in geometric optics.

By analogy with a concave mirror and taking into account diffraction grating parameters, we can

write an expression for the optical path difference (OPD) between pole rays <AOB> and general

rays < PB>:  

          

          

on the

Figure

genera
A
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                          OPD = <APB> – <AOB> + Nmλ,                                                            (2.6)

Where the diffraction grating parameters m (the diffraction order), N (the number of grooves

 grating surface) and λ (working wavelength) has been taken into account. 

 2.7 Geometry used. The grating surface centered at O diffracts light from point A to point B. P is a

l point on the grating surface. Ray <AOB> is the pole ray and ray <APB> is the general ray.   
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In terms of the Cartesian coordinates the optical path length for the rays can be expressed as

follow: 

<APB> = <AP> + <PB> = = 222222 )()()()( zyxzyx +−′+−′++−+− ηξηξ                 (2.7) 

x,y,z – coordinates on grating surface, ξ, η and ξ`, η` are the positions of  object and image

respectively (same for <AOB>). Since the diffraction grating operates with angles of diffraction

and often it operates with an off-axial beam incidence, the conversion of the Cartesian coordinates

to polar for object-image space is convenient. Assuming  

                                    <AO> = ra,      <OB> = rb,                                                                        (2.8)

we can write 

                                 ξ = ra cosα ,   η = rb  sinα,                                                             

                                 ξ’ = ra cosβ,   η' = rb  sinβ ,                                                                        (2.9)

where α and β  are angles of incidence and diffraction respectively. The general expression in a

power series for the OPD allows to simulate different aberrations. In terms of the grating surface

coordinates x and y can be written:

                                            OPD = ∑∑
∞

=

∞

=0 0i j

ji
ij yxF                                                                      (2.10)

and by expanding 2.10  

                             ...
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xFyFOPD                              (2.11)

where Fij, the strength factor of corresponding aberration, R – radius of curvature of the diffraction

grating. The commonly used assignments for the first more prominent aberrations look as follows:

F20 characterizes defocusing i.e. F20=0 if one is focused on the tangential focus, F02 characterizes

astigmatism, F30 characterizes 1st type coma, F12 characterizes 2nd type coma etc. Thus, if the

strength factor is “0” the corresponding type of aberration is absent. For a diffraction grating the

strength factors contain the parameters of the grating and working wavelengths. By solving the

reverse problem, the desired shape of an optical element can be calculated, while the positions of

object and its image and their characteristics are given.  Expanding further equation 2.11 we have: 
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Because of the chosen geometry, all strength factors Fij for which j is odd are negligible. It is

possible to see from 2.12 if the first strength factor F10 is zero, the OPD yields the general grating

equation (2.2). If the strength factor F02 is zero, the OPD yields the Rowland conditions (2.3).

Limiting ourselves to the first three terms in (2.12) we can describe the tangential and sagittal

focusing, that will show the mismatch in image formation in two mutually perpendicular planes: 

)
2

cos()
2

cos(cos 202020 a
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α                                              (2.13)
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−+−=                                              (2.14)

The mismatch is in general due to the different image formation laws in the sagittal and tangential

planes. The strength factor F20 shows the tangential focusing of the grating, while F02 shows the

sagittal focusing. Because of the mismatch we can distinguish between the focal distances rb in

(2.13) and (2.14). Introducing the rbT and rbS as the tangential and sagittal focal distances,

respectively and setting (2.13,2.14) equal to zero the focal curves rbT(λ) and rbS(λ) is given by:              

   

                     rbT(λ) = 
β

β
α

β

cos2coscos2
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20

2

20

2

a
r

a
a

+−
                                                      (2.15)  

                     rbS(λ) =   
βα cos21cos2

1

0202 a
r

a
a

+−
                                                            (2.16)

Where the a20, a02 are the coefficients in (2.16, 2.13, 2.14) (a20 = a02 = 1/(2R) for a spherical

grating of radius R). These expressions are completely general for typical grating systems. 

         The obtained results show that in general the tangential and sagittal foci are not coincident,

which place a line image at the tangential focus. Because of this the typical location of a CCD for
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the spectrograph is not in the image plane at the "circle of least confusion", where the least

distorted image is formed, but in the tangential plane, where the best spectral resolution is

obtained.

       From (2.2-2.5) the desired parameters of the set up can be obtained. Using (2.15,2.16) the

final geometry of the system can be chosen.  Except the fact that the preliminary selected Littrow

configuration has a smaller size than a Pashen-Runge mount, the spectral line curvature (image is

an arc) is most noticeable in the spectra of Paschen-Runge mounts [6]. For the Littrow mount the

spectral line curvature is almost invisible and that allows to apply an optical method (that will be

described below) to squeeze this line to a point. 

         Taking into account all the considerations mentioned before and an efficiency for λ/d=0.9 we

have chosen a central blaze wavelength of 750 nm, 

α= -22o and β=31,7o, blaze angle is 300. In fig.2.8. the image formation for the primary working

position is shown.

Figure 2.8 Image formed in the tangential and sagittal planes versus a wavelength. Difference in image

location for fixed incidence angle and for primary working condition α=220, β=31.70 where the low

frequency Raman region is located from 0-1500 cm-1 (685-750) nm. The line height due to this astigmatic

imaging is about 11 mm.   

For the schemes such as Cerny-Turner, in order to change the working region the (plane) grating

must be turned around it’s own axis. However for the spectrographs operating in the Rowland

condition and at a fixed position of the entrance pinhole both the tangential and the sagittal images

will be shifted from the detector’s plane. Changes of the focal position for the tangential plane

versus the angle of incidence are presented in fig.2.9. 
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Figure 2.9 Position of the spectrum on the Rowland

circle depends on the angle of incidence.  
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In the monochromator mode for the “Eagle”

configuration and a diffraction grating working on the

Rowland circle rotation of the grating should be

performed with some eccentricity to leave during

rotation a tangential focal plane in focus of a CCD

camera. Shift of the focal plane for the given system

from 0 till 4000 cm-1 is estimated to be about 30 mm. In

the present system it is compensated by an additional

axial movement of the grating. Rotation of the grating

with eccentricity can be applied, however it will

complicate the mechanical system of the spectrograph.  

To keep tangential focusing during the rotation, it is necessary to turn the grating with some

eccentricity. Such a solution is possible but mechanically it will complicate the whole system.

Because of this, we have decided to apply an axial movement of the grating after turning towards

the chosen working range.   Numerical data are specified in table 2.2. Here R2 and angle φ indicate

the tangential focus and the angle for the grating rotation correspondingly, to set a wavelength in

the middle of a CCD chip.

 Table 2.2 Focal spot position for different frequencies

λ,nm 650 690 720 750 780 810 840 870

α,grad 18.57 20.85 19.71 22.00 23.17 24.35 25.54 26.75

β,grad 28.27 29.41 30.55 31,7 32.87 34.05 35.24 36.45

R2,mm 264.2 261.3 258.3 255,2 251.9 248.5 245.0 241.3

φ,grad 3.432 2.299 1.155 0 -1.166 -2.346 -3.539 -4.747

Thus, after the calculations of the configuration the linear dispersion produced by the spectrograph

is: =
dl
dλ 2.77 nm/mm;  for λ = 750 nm. The linear dispersion, the pixel size of the CCD chip and



Chapter 2_______________________________________________________________________                   

the size of the entrance pinhole determine the spectral resolution achievable by the spectrograph.

For the given CCD chip the reciprocal linear dispersion is 1 cm-1 per pixel.  

      The size of the entrance pinhole depends on the desired spectral resolution and it must be

larger than the aberration spot size (line in tangential plane) or the pixel size [12].

                     110255042.0' 6 ⋅⋅⋅
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re 2.10 Measured PSF of the diffraction grating. The measurements have been made by “ SFSDB

NAT” on a ZygoMark-III interferometer. The RMS of the wave front deviation is 29µm and Peak-to-

e is 182µm. The PSF was measured for different angles of incidence and it remains in a region of

(FWHM)±10%. 

sidering the measured aberrations by testing the point spread function (PSF) of the grating the

tral line width in the tangential plane is about 13 µm (fig. 2.10). Thus, less than 13 µm pinhole

eless. 
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          The selected CCD (best CCD for our application available in stock) has a pixel size of 25

µm. All the photons falling onto a pixel will be summarized. Therefore, it is also useless to make

the pinhole smaller than 25 µm. Thus, we have found as best choice the width of entrance slit

(pinhole) equal to 25 µm. Let us determine the rest of the parameters such as location of the CCD,

position of the entrance pinhole, spectral orders superposition and magnification of grating. 

        The position of the entrance slit is the entrance focal point of the concave grating i.e. R1 =

278,15 mm which satisfies the Rowland conditions. To see whether we have superposition of the

higher order spectra or not, the free spectral range must be defined as ∆λ=λ/M nm;

∆λ1=600/2=300 nm and ∆λ2=900/2=450 nm, which is far from the starting wavelength (600 nm)

of the first order. This shows that we don’t have a superposition of orders for our configuration. 

        The magnification of the spectrograph system is given by:
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For our system (NA)in =0,1 and (NA)out=0.0973, thus we have a magnification G=0,93 and f/value

input and output is  f/5.5. That means that the width of the image in the spectral plane is: 
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       Obviously, if we have a spot like image with the same characteristics we will have an

advantage in energy concentration. We can use less height of the CCD chip. That also will make

the system considerably cheaper.  The image formation is different in the two mutually

perpendicular planes (2.14,2.15) the image of the entrance pinhole due to a single concave

diffraction grating at such condition will look like a vertical line (at the spectral plane of the photo-

detector). Thus, ideally we would like to unify both images into one. Correction of the surface of a

grating to obtain a point image is possible for a single wavelength, but images for the rest of the

wavelengths will then even be more distorted [13]. Manufacturing of an aspherical diffraction

grating is more difficult and expensive. The same correction also becomes possible by using a

cylindrical lens before the diffraction grating [14]. Thus, image formation in the diffraction plane

is the same (submitted to Rowland condition) and in vertical direction the grating will produce an

image of the virtual object.  In fig.2.11 a scheme of the implanted cylindrical lens is shown.  
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Figure 2.11. Optical scheme of spectrograph. The concave diffraction grating working at the Rowland

circle forms an image of a point-like object into a line. This happens due to the difference in image

formation in mutually perpendicular planes. To match the two images in the mutually perpendicular planes,

a cylindrical lens has been applied. It dramatically reduces the size of the spectral line without any visible

losses in the spectral resolution and total size of a system.  

To calculate the position and the parameters of the lens we used a  “principle ray technique” [15]

and a geometrical optic consideration. In first approximation and for the given scheme it will be

enough to limit ourselves to the “0” beam, which passes the object in an intersection with the

optical axis under maximum entrance aperture angle. In the upper part of fig.2.11 the optical

scheme of a spectrograph, which contains only concave diffraction gratings, is shown.  Dotted

lines show the geometry of the image formation and solid lines are principle “0” beams used for

calculation. In the lower part of fig.2.11 the optical scheme of the spectrograph, which contains the

cylindrical lens and the concave diffraction grating is shown. Hence, knowing the boundary

conditions and using (2.20) we can determine the parameters of the lens and its location in relation

to the entrance pinhole and the diffraction grating.  
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Where the “0” beam parameters of hk (height of the “0” beam on k-component), lk (beam path

length), uk (angle of the “0” beam with the optical axis for k-component)- are shown in fig.2.11.

and Φk- is the “1/f” value of the k-component. The optimal position of the cylindrical lens and its

characteristics can be evaluated from the ray tracing technique and the system of equations (2.20).

For the central spot (line) it reduces from 11 mm to 75 µm (3 pixels) (FWHM). Due to the

mismatching on the edges, the spots have a size of about 500 µm (20 pixels).  Calculated settings

are shown in fig 2.12.

Figure 2.12. Calculated settings and parameters of cylindrical lens. The cylindrical lens forms a virtual

object in the sagittal plane, while the diffraction grating forms the final image of the sagittal virtual object

and the tangential real one.   

In fig.2.13. the matching is shown for the central working range.

Figure 

wavelen

“3” for t

spectral 

negligibl

about 20
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2.13 Two mutually perpendicular focal planes are matched for the central working

gth region by the cylindrical lens. The magnification of the system in the sagittal plane becomes

he central blazed wavelength (750 nm) due to the selected parameters of the cylindrical lens. The

resolution remains the same, since the plate effect from a cylindrical lens in tangential plane is

e. For the same range the vertical size of the spectral spots on the edges of the spectral range takes

 pixels (FWHM).    
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As all systems, the spectrograph has it’s own advantages, limitations and disadvantages. At this

configuration and by applying a CCD (1056x256 pixels) the covered spectral range is about 1250

cm-1. It is clear that other spectral areas are interesting as well. That requires re-tuning of the

grating to other frequency ranges. The re-tuning can not be achieved by a simple rotation of the

grating around the central axis. Motion should be performed with an eccentricity in such a way

that the plane of the CCD stays always in focus for the central frequency from the covered spectral

region. This creates challenges in the adjustment and the alignment of spectrographs based on the

“Eagle” geometry. Although once it has been adjusted it works well. In fig.2.14 the scheme of the

constructed spectrograph and CCD is presented.
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igure 2.14 Constructed scheme of spectrograph. The height of the spectrograph is mostly determined

 height of the grating and it is 70 mm. Size the rest of the CRM is not fixed and depends on the

nstruction of the electron microscope in which the CRM will be incorporated.  

3.3 Confocal properties and sensitivity of the CRM . 

     Estimation of the sensitivity of the CRM can be performed by means of a calculation of the

citation volume of a sample and the confocal properties [16].  Raman emission in the Raman

nd (1004 cm-1) of toluene (C6H5CH3) has been used for this estimation. The number of Raman

otons per second emitted from a sample is proportional to the number of molecules in the

citation volume: 

                                 ∫ Ω
Ω

= d
d
dI

V
Nn r

l

l
Raman

σ
ωh

                                                                      (2.21) 

here σr, the Raman cross section for the toluene 1004cm-1  band, and the given excitation wave-

ngth, is equal to 2.8*10-34 m2/Sr [17].
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    The excitation volume is limited by the size of the sample and by the intensity distribution under

the microscope objective. While the wave front remains approximately plain and the general

beam’s intensity profile obeys a Gaussian distribution, the 3D intensity distribution of the light

under the microscope objective can be approximated by 
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Where I(r,z) is the intensity distribution under the microscope objective for the Gaussian beam and

Zr is the Rayleigh range [18]. In fig.2.15 the intensity distribution in the area near the focus is

presented.

Figure 2.15 Intensity distribution in focus of

microscope objective. The intensity has been

calculated for a homogenously illuminated

entrance pupil, λ=685nm and NA.=0.9. The Z-

axis is along the beam propagation and the R is

the radial coordinate for a cylindrically

symmetrical.

                                                    Z -µm                                                                                                          

The purchased laser diode has a non-homogeneous intensity distribution in its Gaussian beam

cross section. However, such distorted intensity distribution has a small influence both on lateral

and axial resolution. Theoretically, we have simulated the axial intensity distribution for a

distorted beam on the entrance pupil of a microscope objective.   
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where I(x0,y0) is the intensity distribution on the entrance pupil.  In fig.2.16 the simulated intensity

distribution for ideal and distorted beam is presented. 

R µm
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re 2.16 Z-profile of intensity distribution under a microscope objective. The parameters for this

lation have been selected as follows: wavelength-685 nm, entrance pupil diameter-4 mm, focal

nce 1.5 mm and distorted pattern was a sinusoidal grid in the beam cross section.       

confocal pinhole plays a role as spatial filter that limits the excitation volume and suppresses

f-focus emission [19].  The number of molecules in the volume depends on the axial

dinate z, and becomes:

                               ∫=
z

dzzrzN )(2)( 2πρ                                                                             (2.24)

re ρ is the density of  toluene (870 kg/m3) and r is the beam waist radius. Thus, a three-

nsional object is projected onto a confocal pinhole with a certain magnification. The size of

inhole is equal to the minimum size of the waist after magnification. Afterwards, by varying

 –position of the simulated object under the microscope objective, we can calculate the

sity passed through the pinhole.   

                          ∫∫=
ϕ

ϕ
r

ph drdzrIzI ),()( '                                                                       (2.25)

re r- an integration parameter equal to the size of the pinhole and I’(r,z)-the magnified

sity distribution on the pinhole. 

lly, we have to take into account the quantum efficiency of the CCD (Princeton instruments

10), conversion factor (e-counts), the calculated optical losses of the complete CRM (~45%)

a collection volume of 2.6 x 0.5 x 0.5 µm3. To estimate the value of the integrated intensity for

oluene band of 1004 cm-1 the collection angle of the microscope objective and the photon-

ron conversion factor of CCD have been taken into account, and then the calculated value is

t of 4*104 photons. 

              

- 2 ,0 - 1 ,5 - 1 ,0 - 0 ,5 0 ,0 0 ,5 1 ,0 1 ,5 2 ,0

0 ,0 0

0 ,2 5

0 ,5 0

0 ,7 5

1 ,0 0

A
.U

.

 u m

 H o m o g e n e o u s  
 D is to r te d



Chapter 2_______________________________________________________________________                   

Table 2.3 Spectral throughput of optical components used in the CRM.

Wave-

length     

Beam

splitter

Micro.

objective

Notch

filter

Lens Cyl.

lens

Grating CCD

685

85%,15%

reflect.

trans.

   85% 10-6 98% 98%   75% 75%

750    85%    90%  80% 99% 99%   83% 90%

850    80%    70%  80% 90% 90%   65% 65%

A value of ~4*104 photons has been calculated using the general formulas (2.21,2.22,2.24,2.25)

and the dry microscope objective with N.A.= 0.9. As the basis for these estimations, the

calculation of the axial resolution described in [16] has been used. Experimentally measured

throughput giving the best result after the alignment of the set up for the toluene band of 1004 cm-

1, is ~50%, which is only 5% less than expected.

         The theoretically calculated and practically examined axial resolution is presented in fig.

2.17. The theory is presented for several s es of pinholes, i.e. 50, 25,15 µm.  
Figure 2.17. Theory and experiment on axia

performed on a thin (200 nm) polystyrene laye

size in axial scanning was 0.5 µm and the acq

based on the FWHM for the given CRM is 2.6
iz
35

l resolution for the CRM. The measurements were

r on a glass substrate for a frequency of 1000 cm-1. The step

uisition time was 1 sec. per step. Thus, the axial resolution

µm.    
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Numerical data, specified in table 2.4. indicate an increased axial resolution at a smaller pinhole

and a decreased amount of signal. Depending on the application in our set up, the pinhole can be

changed from 25 to 15 µm. The theoretical prediction of the number of detected photons specified

in table 2.4. has been calculated for the 1004 cm-1 band of Toluene, 15 mW power on the sample

and based on the same formulas (2.21,2.22,2.24,2.25). 

               Table 2.4 Influence of the confocal pinhole size on the axial resolution and collection volume

Pinhole

size,µm

Axial

FWHM, µm

Measured

volume, m3

Number of

detected

photons

15 1.6 1.05*10-18 25500

25 2.6 4*10-18 44600

50 3.2 3.2*10-17 85000

2.4 Multi-frequency image formation.

       Analysing the schemes of Raman image formation and taking into account the possibility of

multi-frequency imaging we have selected the sample scan mode. The advantage is that the optical

paths are remaining constant during the scan. Thus, the optical alignment is preserved. Changes in

emission from an object, when it’s scanned, give direct changes of intensity on the conjugated area

of the CCD. A point scan was chosen versus a line scan, which allows to use the second dimension

of the CCD chip and performs faster Raman imaging [20,21] because of the following reasons: 

- line-focused excitation is not suitable since we have small power limited by the laser diode

and such spread of energy will not allow to measure a weak Raman signal from a few µm

objects

- Lateral resolution is limited by the size of the CCD chip in the vertical direction. From

simple calculations it is possible to see the following: to reach the lateral resolution of 600

nm the smallest point on a sample should be 200 nm. Afterwards, this point is projected on

3 pixels (ideal case for our system). Thus, taking into account the vertical size of our CCD

(256 pixels) the largest possible imaging area is (256/3)*0.2 =17 µm.  Taking into account

the average number of pixels for most of the spectrograph systems, 10 pixels, it becomes

clear that either the imaged area becomes 4 µm or the spatial resolution will be much

worse.

- It is not a flexible system. The imaged area is fixed in one direction due to the optics and

size of CCD chip. 
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A better quality of the image can be reached by direct Raman imaging described in [22]. The big

advantage of the direct Raman image is, that this is a faster way to make a Raman image. 

The quality of the direct Raman image is also much better than the line scan image since the

diffraction grating does not distort the final image spot and by proper optics each spot on an object

can be focused on one pixel on the CCD chip. Thus, this scheme has obvious advantages

compared to line scan Raman imaging. However, direct image system can not make a Raman

image in several frequencies in one time, which is important for complex samples. Moreover the

direct image system is operating with different dielectric narrow band transmission filters, which

have been used to select a certain Raman band for imaging. This is an absolutely inflexible system.

The filters can not select a different Raman band. In case a few bands belonging to different

components in the sample and located within the band-pass of the filter can be passed. There is

another way of direct Raman imaging by applying two CCD cameras and the spectrograph system

described in [2], but this method is simply too expensive. Another technological disadvantage, as

compared to the present scheme of image formation, is that two scanning elements should be used

for imaging i.e. one in the object space (either mirror or scanning stage) and the other one in the

image space (mirror). Therefore, the present scheme is chosen in spite of direct imaging (speed of

image formation), because of its multi-frequency image formation for complex objects.   

In fig.2.18, the scheme of multi-frequency imaging is shown.

Figure 2.18. Scheme of multi-frequency image formation. The focal spot is projected onto the entrance

pinhole of the spectrograph. Images of the pinhole are formed on the CCD chip for different frequencies.

Depending on the sample position and the chemical composition a variation in the intensity of the

particular frequency takes place. Knowing the trajectory of the scan, the reconstruction of the image can be

performed for any number of interesting bands, acquired at the same time.        
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As soon as we see a Raman spectrum we can select areas of the pixels containing interesting

Raman frequencies. Since the different Raman bands have different bandwidths the full image of

the CCD chip will contain spots of several sites in spectral direction. Therefore, we should be able

to select an amount of pixels for each different frequency.  A properly organized access to the

pixels of the CCD chip, and adjusted software, allow us to select any area on the CCD chip and to

store them simultaneously. Since all illuminated pixels for one particular frequency are binned,

finally we have the integrated Raman intensity in a given point of a sample for each selected

frequency. In other words, the CCD can be imagined as synchronously working single-channel

photodiodes. This mode of image formation is identical to the so-called “mapping” and for

instance can be seen in “Renishaw” Raman systems. For the mapping procedure, a whole Raman

spectrum is recorded during the scan. Afterwards the software performs a reconstruction of the

image for a chosen frequency from the obtained spectrum. However the flexibility of such a

system is obvious, in a case when only two or three frequencies are needed for imaging, this mode

of imaging will save acquisition time and reduce dramatically the PC memory (approximately

15Kb versus 2Mb for a 2D image). Obviously, in the confocal systems we talk about 3D research

on the sample when the third dimension is taken into account.  For one hundred steps in the axial

direction in 3D imaging, the previously mentioned data becomes 1.5Mb and 200Mb accordingly.     

2.5  Results of the CRM.

          Based on such well-known substances like toluene or polystyrene we can check all principal

characteristics of the designed CRM. Well-known Raman spectra of these materials and Raman

cross-sections for particular frequencies allow us to estimate spectral resolution, quality of the

image of a spectrum on the CCD and sensitivity of the set up. For example, the known Raman

cross-section of the material and the sensitivity of the set up give an impression, of what the

minimal number of the given molecular bonds is that can be registered. To check the spectral

properties for the different wavelength ranges we used toluene. In fig.2.19 two principal Raman

frequency containing regions of toluene are shown. The measured linear dispersion in two regions

is 1.1 cm-1 / pix and 0.5 cm-1/pix. The measured bandwidth of the 1004 cm-1 Raman band is equal

to the bandwidth measured on the Jobin-Yvon spectrograph and is 5.5 cm-1. This indicates that the

spectral resolution in the center of the spectra is equal to the theoretically calculated one and is

slightly decreasing near the edges of the covered spectral region. This happens because the grating

obeys the Rowland law and was not made for a plane field spectrograph, which can work only for

a fixed wavelength region. Therefore, due to the compromise between spectral resolution and size

of the spectrograph, a slight blurring on the edges of the CCD chip, arises. 



Chapter 2_______________________________________________________________________                   

CH region 
 
3

Figure 2.19 Raman spectrum of toluene for two pri

regions of Stokes-Raman are shown. Excitation power

Analysis of the spectra, has shown no broadening for 

CCD chip (comparison has been made with a Jobin-Y

0,5 m focal distance). The average linear dispersion is

    

         To compensate for defocusing, which happens b

corresponding axial position of the grating should be 

spectrograph remain the same. Images of the pinhole 

elongated in the sagittal plane due to the difference in

planes. For the C-H vibrational Raman region about 1

Image formation of the spectrum by the spectrograph

concave diffraction grating is shown in fig.2.20.   

                                                                 1004 cm

Figure 2.20 Screen shot of the CCD chip with an image

cylindrical lens reduces the height of the spectral line from

spectral plane together with the mismatching in two mutua

spectral height to ~ 500 µm on the edges of the CCD chip 
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           For the primary central blazed wavelength (or 1000cm-1 Raman shift) 3 pixels (FWHM) are

needed, due to the magnification of 3x for the combined optical system, in the sagittal plane while the

magnification in the tangential plane is 1x.    After the dramatically reduction in astigmatism, the

problem of spectral curvature remains. This problem remains for most configurations of

spectrographs. A comparison of the spectral curvature in a commercially available spectrograph based

on the Czerny-Turner configuration and the present system is presented in fig.2.21.  Pictures were

obtained at an acquisition time of 10 seconds. Brightness-contrast properties were specially changed

to make better visible the elongation of the spectral spots toward the edges of the chip. For the present

system the different position of the tangential and the sagittal image planes also contributes to the

spectral curvature, which makes it slightly worse than for a Czerny-Turner. However, the higher

efficiency and compactness of this system, compared to the Czerny-Turner configuration, compensate

for the undesirable high spectral curvature.

                                                                                                             

                  610             788               1004-1030          1210            1400          cm-1

                                                                       (a)

  

              610                      788              1004-1030         1210            1400          cm-1                                 

                                                                     (b)

Figure 2.21. Comparison of the imaging properties for the wide spread Czerny-Turner configuration

and the present system. A Raman spectrum of toluene, recorded on a Jobin-Yvon system, using the

Czerny-Turner configuration with a focal length of 500 mm and a 1200 g/mm grating (a) and the present

system with a focal length of 255 mm , 1200 g/mm concave grating (b). 

The principal characteristic of the Raman microscope as an imaging device is the spatial optical

resolution. To check the lateral optical resolution small polystyrene beads were used. For the

image formation, we use the sample-scanning mode. The quality of the image in this case depends

on the motion accuracy and the beam shape in the focus of the microscope objective. The sample

stage was scanned in two perpendicular directions along a given trajectory. In fig.2.22 the Raman

spectrum of 1µm polystyrene beads acquired in 1 sec is presented together with an image of a few

of the spheres lying on a quartz substrate. 

400 µm

500 µm
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                        2 µm 

Figure 2.22 Raman image and spectrum of 1 µm polystyrene beads.  The image was acquired with 13

mW laser power on the sample. The area of scan was 10x10 µm, step size was 200 nm and accumulation

time per step was 300 msec. The total imaging time was 15 min.  The band at 992 cm-1 was selected for

imaging as most intense band. That means for our case that we have selected the proper number of pixels

(5x7) on the CCD, chip covered by the particular Raman band, and totally binned them. The presented

spectrum for the single 1µm polystyrene bead was recorded during 1 sec.         

The most intense Raman band at 992 cm-1 has been selected for imaging. From fig.2.22 we

estimate that the maximal lateral resolution at a good signal-to-noise ratio, is about 600 nm.

Theoretically for the given optical system it should be about 400 nm, but such factors as the

complex intensity distribution in the beam profile of the diode laser, the distortion of the focal spot

due to the sample influence etc. make the resolution worse than the theoretical expectations. 

       As an example of multi-frequency Raman imaging, the distribution of PMMA and PolyActive

material was shown in fig.1.3 in chapter 1. Two prominent bands for two different materials were

taken for imaging. In chapter 4 where a discussion concerning the research topics will be given,

several examples of multi-frequency Raman imaging will be shown. One of the most challenging

and interesting samples for Raman microscopy are biological cells. We have aimed to achieve

such a sensitivity for single-cell components, that  the molecular components with their natural

concentrations inside the cell are detectable, both for Raman spectroscopy and for Raman imaging. 

In fig.2.23 a Raman image of a rat bone marrow cell imaged in a Raman band which belongs to

proteins (1459 cm-1) and its bright light image are presented.
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Figure 2.23 Raman image of  Rat

bone marrow cell. The cell was lying

on a quartz substrate. The image was

obtained at the Raman band of 1459

cm- 1 (CH region).  The size of the cell

is about 10 µm. The step size during

the scan was 200 nm and the

acquisition time was 3 sec per step. 

           Variations in the contrast in the Raman image indicate a different concentration across the

cell nucleus. No specific analysis for this particular image has been made. The test performed on

this sample had as purpose just to see the ability to create Raman images for molecular

components with a relatively low concentration.    

2.6 Conclusion

A confocal Raman microscope suitable for integration with a scanning electron microscope was

designed. At the compact size and relatively low excitation power, due to the application of a

diode laser, the microscope has the prominent parameters like: sensitivity of a single cell, average

spectral resolution about 0.9 cm-1, lateral resolution about 600 nm and axial resolution of about 2.5

µm (FWHM). The flexible and simple scheme of the CRM allows us to integrate it easily with a

SEM and possibly with other systems. The CRM can work in combination with the SEM (Philips-

“525”) or as a stand-alone set up. The low intensity excitation and high efficiency of the CRM

allows to perform Raman micro-spectroscopy or imaging of biological samples like a cell.

       Special attention was paid to the compactness and efficiency of the CRM. For this purpose

highly efficient spectrograph system was developed based on a combination of a cylindrical lens

and a concave holographic diffraction grating. In this chapter, the complete algorithm of the design

is presented. Comparison with the best commercially available Raman systems like Kaiser-optics

“Holospec” system, Renishauw 2000,3000 and Jobin-Yvon “Czerny-Turner” spectrographs has

been made in some of their best points of the design. 

Application of the designed CRM for Raman cell imaging or a similar application is possible.

However, such low intensity applications already approach the edge of its possibilities.  Several

improvements still can be added for this scheme to increase the sensitivity and the reliability of the

obtained data for low light level application. Better characteristics of the interference filter will
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increase the maximum of the achieved power on the sample. Improved properties of the intensity

distribution in the laser beam profile will allow to concentrate the laser power on the sample more

efficiently. The more efficient components will decrease the losses on the reflection from the

optical interfaces. Cooling the CCD to a lower temperature will increase the signal-to-noise ratio. 

Further improvements in sensitivity, and an increase of axial resolution can be made. Table 2.2

indicates that there is still space for using a smaller pinhole to increase the axial resolution. A

reasonable size is 15 µm if it is required by the application. All of these modernizations can be

performed, however a compromise between cost, real demands and purposes of the device should

be found. 
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Chapter 3 

Integration of the CRM with the SEM
_____________________________________________________________________________________________

         

                
Abstract

        In this chapter the mechanical layout of the combined SEM-CRM is shown.  Aspects as correlation of

data obtained from two techniques, sample compatibility and overview of other possible solutions for SEM-

CRM combination are presented in this chapter. The CRM is acting as an additional detector in a SEM and

supplies chemical (molecular) information about a sample. The parameters of the CRM were described in

chapter two. Common features of all readily available SEM detectors are that they capture information-

carriers emitted from the same area of sample. All kinds of “information-carriers” such as X-ray, SE

(secondary electrons), and BSE (back scattered electrons) are excited by the electron beam. When a sample

is fixed in space and the electron beam scans across the selected field of view, different kinds of data can be

obtained. By switching from one detector type to another the desired type of data may be chosen. This

concept is also taken as basis for the CRM-SEM combination.       

           Based on analyses of the different possible configurations the final scheme of integration was

selected. Practical problems, such as sample preparation, data correlation etc. were analyzed. Based on

theoretical estimation of capacities and encountered practical problems, solutions for possible future

realizations of such a system have been proposed. Suggestions for improvement of the present

configuration and prospects for possible commercial realization conclude this chapter.                  
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3.1 Introduction

         As a first step towards the combination of CRM and SEM, two systems were chosen for

integration. The commercially available SEM “Philips”525 and the ESEM “FEI” XL30 were used

for it. These systems are complete set up’s with their own characteristics and capacities. The CRM

was specially designed for integration with these systems. However, it also can work as a stand

alone system. Compactness, high optical resolution and efficiency are prominent characteristics of

the designed CRM. The combination of SEM and CRM should not change their characteristics or

limit their capacities. The first combination of a selected scheme was performed for the SEM 525.

The results and apparent practical problems have been taken into account in designing the

combined CRM-ESEM XL30. In the past chapter we have described a CRM, which is suitable for

implantation in the complete electron microscope. However, a redesign of the SEM can also be

performed. Because of this, more options for combination may be available. 

        The general concept accepted for all combinations is the following: the characteristics of each

separate system must be unchanged and measurements of the same point in a specimen must be

provided. In this chapter we will use the term “focus of SEM”, under which we assume the center

of field of view of the SEM. 

3.2 Overview of approaches towards the combination of the CRM with the electron

microscope. 

      A combination of a CRM with a conventional optical microscope and SEM with an optical

microscope [1] already exists. In the combined CRM-optical microscope both techniques

submitted to the (optical) laws of image formation. In some devices and particularly in the present

stand-alone CRM, it is possible to observe the sample on a TV-screen, simultaneously see the laser

spot on the object and acquire Raman data. These measurements give a very nice impression about

the point where exactly in the sample the Raman spectrum is recorded or which area of sample is

imaged. Such a layout would also be acceptable in a SEM-CRM combination. However, in

combination with an EM the story is completely different, because of the different nature of image

formation of both techniques.

        Several methods of integration of a CRM with an EM are possible. The most prominent ideas

that will be discussed here are:

- Fiber optic in- and out- coupling.

- In- and out-coupling by an optical coupling window.

- Inverted microscope, coaxial with the e-beam but in opposite direction

- Co-axial and co-directed configuration.

- Angular position of the microscope objective.

- Location of the microscope objective next to the e-gun.
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Common challenge for integration is the limited internal space of the vacuum chamber. Hence, it’s

clear that part of the CRM should preferably be located outside the vacuum chamber. Even if we

will imagine a very small optical system of the CRM the present cooled CCD cameras will have a

large size and will not fit in the vacuum chamber. These considerations lead to the choice of a

design for the light in-out-coupling system.      

Fiber optics.

The in-coupling of excitation light from a laser towards the sample through the vacuum chamber

and the out-coupling of Raman scattering from the sample by means of fiber optics is a handy

method from a technological point of view. The flexibility of this system is obvious. A lens

mounted onto the end of the fiber inside the chamber can be placed in any configuration (co-axial,

lateral, angular). A possible design is presented in fig.3.1.
47

Figure 3.1 Fiber optics approaches for in and

out-coupling of the light. Modern fiber optics

couplers and switchers make it attractive to use this

system for the combination. However to keep the

optical characteristics of the CRM comparable with

that described in chapter 2, single mode fibers

should be applied. For compactness of the CRM a

diode laser was selected as an excitation source

with an output power of 50 mW, λ=685 nm. 

However, there is a major drawback that makes this method unacceptable for our combination.

The efficiency of light coupling into single mode fibers in practice is ~40% [2]. These losses at in

and out-coupling (0.42) will give an approximately 6 time smaller intensity of the Raman signal

than for the similar system without a fiber. A CRM with diode laser, what will be applied here, has

limited power. Because of this drawback such a design was discarded.  
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Coupling window.

Almost every SEM is equipped with a service port (cover) in the side of the vacuum chamber. An

optical window can be placed in this cover and light can be coupled in and out through the

window. Use of a coupling window is a very simple and direct method to couple light onto the

sample. A double side anti-reflection coated vacuum optical window has a throughput for the

working spectral region of 95%. Disadvantage of this coupling method is that a rather complicated

optical system consisting of several components has to be built inside the vacuum chamber. At the

same time the designers of modern electron microscopes aim to decrease the size and internal

space of the vacuum chamber. 

         However, since the characteristics of the CRM play a more important role and they almost

remain unchanged for the coupling window method it appeared to be the most suitable one.

Moreover, the location of the service port in the vacuum chamber of the SEM 525 and the ESEM

XL 30 is in front of the e-gun so that we can apply an extremely simple internal optical scheme.

Therefore, for the present combination a scheme of in and out-coupling of light through a coupling

window was selected. 

Co-axial inverted location of the microscope objective. 

  A design has been published for a SEM-Light microscope combination [1]. Since the Raman

microscope has an optical scheme similar with a light microscope the same configuration can be

used in our case (fig.3.2). 

A
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Figure 3.2 Schematic representation of the co-axially

inverted microscope objective. This scheme allows to

observe the Raman spectrum and the SEM image from

the same sample point at the same time but only for

transparent objects, simple in shape etc. The

configuration is not acceptable at all for the

environmental mode of the ESEM. The environmental

sample holder of an ESEM is a non- transparent box

with a water flow around the sample holder. The sample

is only open from its upper surface.    

dvantages:

- The foci of SEM and microscope objective can be matched. 

- No sample movement is required.
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Disadvantages:

- Applicable for (optically) transparent objects only. Samples like a biological cell or thin

sections of a material can be measured. Thick, non- transparent and rough surface samples

are not suited for such a configuration. A confocal system can be adjusted for

measurements of the same layer of a sample from bottom side. In this case the total

thickness of the sample together with a transparent holder should not exceed ~0.5 mm,

since a high N.A. microscope objective is applied. 

- The configuration is absolutely useless in combination with an ESEM for its environmental

mode because of the construction of the special sample holder which is non transparent.  

- For most SEM’s such a configuration will require a complete redesign of the sample stage

to mount a microscope objective co-axially with the e-gun. 

 Actual operation of the SEM does not require sample slicing and many users of SEM’s are

operating with non-transparent samples. Hence given the above considerations this configuration

was discarded.

Angular position of the microscope objective.

Another potential configuration of the CRM-SEM is presented in fig.3.3. Both the SEM 525 and

the ESEM XL30 have the following positions for the secondary electron detector and e-gun: the

coordinates of the e-gun are X,Y,Z  where Y is directed perpendicular to the picture plane, the

coordinate system for the secondary electron detector is X2, Y2, Z2 where Z2 is the axis of the

detector. The sample coordinates are X1, Y1, Z1, where Z1 is perpendicular to the surface of the

sample stage. The plane (X2-Z2) is 450 relative to the e-gun (i.e. around the Y axis). Both planes

Z1-X1 and Z1-Y1 can be turned 450 relative to the Y-axis and the X-axis respectively as shown in

fig.3.3.  
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Figure 3.3. Angular position of the

microscope objective (MO).

Mutual position of the components in a

combined CRM-SEM in space is as follows: Axis

of e-gun (Z), MO (Z1) and secondary electron

detector (Z2) have 450 mutual deviation. 
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For better performance of the Raman micro-spectrometer or the CRM it is desirable to keep the

axis of the microscope objective perpendicular to the sample surface.  Hence, we can locate the

microscope objective on the Z1 axis (MO in the picture). Theoretically this design allows to

measure the Raman spectrum and the electron image at the same time from the same point.

However, in practice a commercially available microscope objective will block the electron flow

from the sample by it mounts. Therefore, this configuration requires application of long working

distance and low N.A. microscope objectives. Moreover, without additional sample stage on top of

the holder the motion of the sample becomes very complicated. It then becomes very challenging

to find an interesting spot in the sample and let it be in the focus of the microscope objective at the

same time.      

Co-axial and co-directed configuration.

         The theoretical possibility of co-axial and co-directed configuration was described in patent

N1212313 [3] for combination with STEM. In that work application of a screened Cassegrain type

of microscope objective was proposed. For this type of integration the object illumination

(reflection type of light microscopy) is a crucial part. In other words it does not make sense to

make such a complicated internal design if we will not see an excitation point (laser spot) on the

sample. However, if a white light image is correlated with the SEM image the excitation point can

be found as well. A detailed description of this problem is given here. 

        The proposed design of the illumination from the side or through the hole in the large mirror

of the Cassegrain objective makes this system very difficult to produce and to build in an electron

microscope. Hence, a new illumination system for reflection type of microscopes was designed

based on the same type of microscope objective. Application of a Cassegrain type of microscope

objective for Raman microscopy has its own demands. The energy concentration in the focal spot,

covered by the annular illumination, is:
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Where θ is the screening parameter [4], ρ and z are radial and axial coordinates in the focal region.

The result of such an excitation is tighter focusing. Thus, the larger the “θ”, the better the optical

resolution. However, the losses in collected intensity are proportional to the amount of screening.

For Raman application of the Cassegrain type of objective the amount of screening must therefore

be minimal. The microscope objective, which is very suitable for our task, has been designed by

Burch [5]. It has a N.A. ~ 0.65, a working distance of 12 mm and a screening of about 14%. For

these parameters one of the solutions may be to place laterally an optical fiber for illumination.

However, the illumination intensity is limited by the mounting of the objective, other mechanical

components and the size of the fiber, since the light is launched under a large angle. Co-axial
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combination of illumination, for reflection type of light microscopes with point focusing, is widely

used in microscopes for IC (integrated circuits)-observation. In such schemes an illumination beam

is “defocused” by comparison to the collection beam. Thus, in the focus of the collection beam

there is an image of a virtual light source. Obviously such a system cannot be applied for

combination of an e-gun and a microscope objective. The hole in the optical system, for passage of

the electron beam, will eliminate the illumination of the center of the field of view. In fig. 3.4

several configurations of a combination of an e-gun with a modified Burch’s objective, are shown.

Common feature for all schemes is a dichroic coating on the first element of Burch’s objective. In

such a way we can separate the laser source at (632-685 nm) and focus it tightly by the Burch

objective. Visible light for the illumination will then pass through. Several options to design the

rear surface of the first element are possible. 

Figure 3.4. Modified Burch-objective for SEM-CRM combination.  The idea of co-axial positioning of

a Cassegrain type objective was nicely described in [3]. However, because of central screening due to an e-

beam it is necessary to invent a better construction that combines illumination, observation and excitation-

collection of Raman scattering with the same efficiency like a usual microscope objective. A) Long-focus

illumination-gives larger illuminated area in its focus, B) Defocused illumination by bi-lens, C) Dichroic

plate with rear surface as a scatter element.    

The Fourier imaging calculations show that a more or less homogeneously illuminated area can be

found near the focus. For type a) illumination we have:

                             { }ring
d
fe

dj
yxE

m

d
yxfjk

m

m ℑ




















=
+

+

*1),(
)

2
(

22

λ
                                              (3.2)

Where dm is distance from the deflection mirror to the focus of lens 1.
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Taking into account the construction of the e-gun (FEI XL30) and the spot here the deflection

mirror can be placed, the parameters for calculation are the following: f=150 mm, dm=100 mm.

The calculated area of illumination is about 30-40 µm2 (fig.3.5).

                   In focus                     most “homogeneous”                 screened       

Figure 3.5 Intensity distribution of light near the focus of  lens 1 for a screened bi-mirror inserted in

a column. The intensity distribution in the focus has been described in (3.2). “Most homogeneous” This is

an example of an intermediate plane where the intensity distribution for illumination is more or less

homogeneous. “Screened” The intensity distribution far from the focus has a dark spot in the middle. 

A variation of lens “1” and possible bi-lens (first optical element with dichroic coating on the

upper surface) can slightly improve the situation:
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where )(P&&&ℑ is the pupil function of bi-lens and M<1 is the magnification. An example is shown in

fig. 3.4b. Due to the working distance of a Burch’s objective (12 mm) and the screened parameter

of bi-optics the real magnification cannot be less than ~0.7. Thus, enlargement of an illuminating

area cannot be more than 30% (only for present SEM designs).  For both schemes area

enlargement is possible by applying a fast scanning method (mirror) for illumination. However,

this will complicate the internal optical system. A large area of illumination and observation under

the white light microscope is necessary for better correlation between SEM and white light image

[6-9]. In this case the low magnified SEM image can be nicely correlated with the comparable

magnification (resolution) of a white light microscope. Further the laser spot, striking the sample,

can be mathematically replaced by a simulated spot in the SEM image. First, by applying a

template matching procedure [10-11], the two images can be overlapped. Second, identification of

the laser scattering barycenter [12-14] is performed. Thus, this barycenter can be mathematically

added to the instant SEM image. The best solution for this particular task seems the following: if

the rear surface of the plate (fig3.4c) is made as a scatter element the huge area under the Burch’s

objective can be homogeneously illuminated. In this case all phase variations are random.

Afterwards all scattering is collected by Burch’s objective and splitted in a Stokes-Raman

frequency part and a visible part for observation.  
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Scheme used

In fig.3.6 the present scheme of the combination of CRM-SEM is schematically shown. 

Figure 3.6. Combined SEM-CRM with laterally located e-gun and MO.  Realized combination of SEM-

CRM. Full capacities of the SEM and the CRM remain intact. Resolution of the CRM allows to measure as

small a volume as 1 µm3.      

As a first approach to practically show the capacities of SEM-CRM, lateral positioning of a

microscope objective relative to the e-gun was selected. Mechanically it is a very simple

construction and building and aligning of the CRM was performed within one day. This

implantation does not limit the capacities of the SEM and the capacities of the CRM. However, the

main disadvantage is that the sample must be moved toward the microscope objective with a high

accuracy.  

     For such configurations an attractive way for Raman imaging is a sample scan. However, the

control position system of the SEM “525” is unsuitable for scanning. Thus, a CRM integrated in a

SEM “525” in a minimal configuration can work only in the spectral mode. Raman imaging would

be possible if an additional, piezo-scanning stage would be applied. This can be done by making it

on top of the sample stage of the electron microscope. However, for the prototype of the combined

system only the spectral mode is enough to understand the perspectives. In the ESEM XL “30” the

situation is much better both from a mechanical point of view and from position control. An

additional piezo-stage, “Kleindiek Nanotechniek”, was placed on top of the sample stage of ESEM

XL 30. After implantation of the CRM and synchronization of the stage-control software, Raman

imaging can be performed directly with the CCD.

CW NF
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3.3 Calibration of positioning.

         The principle challenge for the given configuration is to find exactly the same spot under the

microscope objective that was selected for the spectral analysis by the SEM. Actually any SEM

has its own movable sample stage with its position-control system. Therefore, the simplest

solution is to use the stage as it is. That would mean that the accuracy of determination of the

position is equal to the repeatability of the sample stage. Taking into account the laser spot size

under the objective (which is about 600 nm) we conclude that the required accuracy is also about

600 nm. The sample stage in the SEM “525” specifications learn it can provide a resolution of 3

µm. The newly available systems like ESEM XL “30” can make a step of about 700 nm.  To be

sure that we are looking in the same sample-point a calibration procedure has been applied. In

combination with the SEM “525” we have used a 5µm polystyrene single-bead lying on glass. The

glass was lying on a transparent cylindrical box and this whole construction was fixed to the

metallic sample-stage by conducting glue. In the beginning, the polystyrene bead was observed by

the secondary electron detector. Afterwards, absolute coordinates of the sample stage (which

means absolute coordinates of the bead in the cross-marker) were recorded.  Next, the 5 µm object

is brought to the field of view of the microscope objective using the reflecting surface in the

transparent cylindrical box. Thus, it becomes clear why we have applied a transparent cylindrical

box to see a shadow from the bead reflected from the metallic surface of the sample stage (fig.3.7).

In this way calibration becomes a simple operation that can be performed whenever misalignment

has occurred. For a faster searching procedure concentric rings were placed near the bead. In this

way for large distance from the focus of the microscope objective only the largest ring will be

visible. By focusing in the sample other internal rings become visible till we are able to see the

bead. During the focusing external rings will disappear from the scattering spot. Thus, as soon as

the bead has been found and the Raman spectrum has been recorded, the absolute coordinate of the

focal spot of the microscope objective are fixed. To get the statistical deviation and more reliable

coordinates value for the two focal spots the measurements were repeated several times. During

one month the calibration of focal positions has been done twice. The second time this was

performed because the tungsten filament in the e-gun had to be changed and the “focal spot” of the

e-gun was shifted of about 30-40 micrometers from the previous position.
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3.4 Data correlation

        Although Raman imaging is impossible in the combined SEM “525”-CRM, this working

version allows us to estimate requirements and make suggestions for data analyses obtained from

SEM and CRM. Since the nature of image formation in an electron microscope and a Raman

microscope is different, the question about the data correlation arises. The secondary electron or

backscatter electron imaging give topographical images [15] in contrast with the Raman images

[16], which lead to a different set of data.  We should therefore consider different kind of samples.        

1) Non-transparent sample.  In such a case the laser beam cannot penetrate into the sample with its

excitation volume. Therefore both SE, BSE and Raman image will give morphological-

topographical and chemical-topographical data respectively. In this case data correlation should be

perfect if there is no-tilt of the specimen in the plane (fig.3.8).  Tilt or large surface roughness of

the sample can be considered as artifact in the Raman imaging.    

 

 

Figure 3.8. Influence of sample tilting on data correlation between SE, BSE and Raman imaging. The

excitation volume is shown here as an ellipse. During the scan the amount of material present in the

excitation volume is changed, due to this a contrast in the Raman image is formed. 

The topography in the SEM picture will show a different material distribution then in the CRM

picture. On the right end of the upper picture the excitation volume is above the material due to it’s

tilt. In such a case the Raman image will show no-material present.      
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contains different molecules. Tilt of the sample or roughness of the surface may be negligible

when both internal and external components are imaged in the 3D Raman image mode. In such a

case it will cover all surface variations.  An example of the situation in 2D Raman imaging is

presented in fig.3.9. The transparent material M2 has inclusions of the material M1 and a different

material M3 is lying on top of M2. The SEM will see M3 and the topography of M2 while the 2D

Raman image will show the M1 distribution if the laser is focused deeper and therefore the

contrast in both images can be absolutely different.  
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igure 3.9 2D Raman imaging for transparent non-homogeneous sample. Contrast formation for a

ecific Raman band of M1 will be different from the SEM contrast. By SEM the topography of M2 and M3

ill be observed, while the internal structure and M1 is non-visible. If the CRM is adjusted on a deeper

mple layer than as shown in the picture the location of M3 will be inversely proportional to the M1

stribution.

or such samples, the multi frequency Raman imaging described in chapter 2 or 3D Raman

aging, has to be performed. 

5 Sample preparation

      Both for SEM and TEM special sample preparation should be used. Here we will focus only

 SEM application. First of all the sample should be placed on an e-conducting surface to remove

arges from the sample induced by the electron beam. This procedure remains also in the modern

L30 ESEM and of course in the SEM “525”. This sample preparation and mounting has nothing

at interferes with Raman measurements. More disputable is a sample coating procedure by e-

nducting material, which takes place in SE-microscopy. Typically gold or carbon is evaporated

 the sample. How the thickness of the coatings influence the scanning electron microscopy

solution was theoretically sevaluated in chapter 1. As an example in fig.3.10 SEM-images of

ated and un-coated samples are presented.   
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(a) collagen                     bone marrow cell       

Figure 3.10 SEM images of an osteoprogenitor ce

contain collagen fibers and calcium phosphate depo

difference in image sharpness (or resolution) for a) u

visible on the collagen structures. 

In case of Raman no topographical information 

inside the sample. Therefore it becomes obvious

influence on the intensity of both excitation and

configuration). Here “inverted” configuration m

the same microscope objective through which ex

the coatings on the intensity of the Raman signa

and several thicknesses has been measured. Ana

permissible thickness of coatings for a particular

presented in fig.3.11. Two types of PolyActive m

several layer thicknesses. 

      For an old type of SEM such as Philips “525

our application a compromise would be to use c

nm. For relatively new and commercially availa

extent not necessary to coat the sample. If the re

does not exceed 50-100 nm this system allows to

especially for combination of the CRM with the

sample treatment (if it is necessary at all) does n
58

        (b) collagen                    bone marrow cell

ll and its surroundings.  The surroundings of the cell

sited on a Ti-alloy surface. It is possible to see the

ncoated sample and b) gold coated. It is especially

is present and the exciting beam should propagate

 that the thickness of coatings may have a negative

 collection signal (in case of inverted

eans that back-scattered photons are collected by

citation has been done. To check the influence of

l a series of samples with two types of coatings

lyses of these measurements will allow to estimate

 sample. Results of performed measurements are

aterials [18] were coated by carbon and gold with

” it is really necessary to use coating and then for

arbon coatings in the thickness range between 0-10

ble systems such as the ESEM XL 30 it is to some

quired resolution for particular research topics

 obtain nice pictures of untreated samples. Thus,

 new generations of SEM and ESEM systems,

ot interfere with Raman measurements. 
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 Carbon coatings Gold coating
Figure 3.11 Raman signal intensity dep

coatings. A sample of PolyActiveTM was m

coatings for Raman micro-spectroscopy o

carbon coating is still applicable to work

coating will forbid to do this for the prese

3.6. Scheme for ESEM/CRM combi

     Some improvements have been ma

procedure for calibration of the focal p

sample holder. This allows to observe

Polystyrene beads on glass, which are

of a micro-light-source does not allow

light microscopy and to perform an an

“sample pattern” previously observed 

their surroundings.      

       An additional piezo-scanning sam

the ESEM XL 30 allows to locate the 

is meant for Raman imaging. The high

range (~20 mm for X,Y), is suited to d
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ends on thickness of the coatings and type of conducting

easured in the CRM. Carbon coating is preferred over gold

perated on samples treated for SEM. A thickness of 10 nm for

 with cells or intensity-comparable samples where 5 nm of gold

nt CRM design.

nation.

de for ESEM/CRM combination. To change the routine

osition a micro-light-source was introduced under the

 transparent objects as in a white light microscope.

 used for calibration, now easily can be found. The intensity

 to obtain a quality image of cells as in conventional white

alysis on that. However, it does allow to identify the

by SEM of for example a not too dense layer of cells and

ple stage, specially designed by “Kleindiek nanotechnik” for

micro-light-source underneath the sample place.  This stage

 resolution motion, down to 1 nm step, and the long travel

o so. Repeatability is about 100 nm.  
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Figure 3.12 Modified scheme for ESEM/CRM combination. Due to the limited size of the internal space

of the vacuum chamber, the microscope objective was changed into a micro-lens with N.A. 0.6. Contrary to

the SEM/CRM design, the mirror near the lens is fixed since there is no place to put an alignment

mechanism. Therefore the double mirror system for alignment purposes was placed near the entrance

window.    

Since the ESEM has less free space inside the vacuum chamber the standard microscope objective

does not fit in it anymore. Because of this it was changed into a micro-lens, similar to that used in

DVD players. The lens has a smaller N.A.(~0.6) and about the same  throughput (~85%) as the

microscope objective used in the SEM/CRM. Due to this, the spatial resolution will be 1.5 times

worse than when the microscope objective is used. Here the distortion of the point spread function,

due to the sample, has not been taken into account. The amount of collected Raman photons will

therefore be less, however, it has a large throughput that will increase the amount of Raman

photons collected. The total loss in signal is about 40%. This will negatively affect the signal-to

noise ratio for a small amount of interesting material, especially when it is smaller than the airy

spot size. 

     In fig.3.13a the constructed ESEM-CRM is shown. The additional scanning stage, used for

Raman imaging, and the implanted micro lamp, used for white light observation of a sample, are

shown in fig.3.13b. The internal view of the laterally located micro-lens and the electron gun is

shown in fig.3.13c. 
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Vacuum chamber    Spectrograph         Mini-light source            Mirrors          Lens    e-gun         

              (a)                                                       (b)                                                  (c)
Figure 3.13 Constructed ESEM/CRM.  The smaller vacuum chamber of ESEM XL30 does not allow to

use a microscope objective. The implanted micro-light source makes it easier to do the position calibration.

A) General view of combined ESEM-CRM. B) Sample stage of the ESEM . Inside the additional piezo-stage

the mini-light source is implanted. C) Internal components of the ESEM-CRM. Near the e-gun the internal

optical system of the CRM is located.      

In fig.3.14 the results of the calibration of the combined ESEM-CRM are shown. The polystyrene

beads were first observed by SEM, the well recognizable pattern formed from the beads is

selected. The large field of view of the white light microscope, where the implanted micro-light

source plays a role as illuminator, allows immediately to find the previously selected area on the

sample. Afterwards, the Raman spectrum or image can be obtained. The coordinates of the foci of

the electron beam and laser beam are recorded.  
             SEM                        
Figure 3.14. SEM, white light

lying on a calcium fluorite surf

following conditions: λ=685nm

15x15 µm2 area. The most inten
61

                     White light              
 and Raman image of polystyrene b

ace. The sample was uncoated. Rama

, 6mW power on the sample, step siz

sive polystyrene Raman band ( 992 c
                        Raman image
eads. The polystyrene beads were

n imaging was performed under the

e 0.5 µm, 0.5 sec acquisition time and

m-1) was used for imaging. 



Chapter 3______________________________________________________________________

62

3.7 Conclusion

         A combined scanning electron microscope and a confocal Raman microscope have been

designed and implemented. Many different possibilities were analyzed before the final choice for a

SEM-CRM scheme was made. The parallel analysis by SEM-CRM has the following advantages:

such a scheme leaves all properties of SEM and CRM unchanged, the best achievable

characteristics of the CRM are available for the user, it has a relatively cheap construction, a

flexible scheme, it can be incorporated in many other electron microscopes. One minor

disadvantage of such a scheme is that the sample should be moved from the e-gun towards the

microscope objective for Raman analysis. This works reliably when no shaking or an independent

sample movement occurs for unpredictable reasons. In this respect the co-axial and co-directed

configurations have an advantage. Because the sample can then be constantly monitored by white

light and secondary electron imaging simultaneously. However, such a scheme has the following

disadvantages: it is much more expensive to construct internal optics for the CRM, a unique

optical design is needed for the CRM for different electron microscopes, the Burch objective has a

limited N.A., which depends on the particular construction of the e-gun.  More modern systems

such as the ESEM XL30 have an advanced performance, which allows to use thinner conducting

coatings on a specimen. This improvement also gives rise to  increased intensity of Raman signal

from the sample. The described differences in the foundations of the image formation help to

develop a particular algorithm for better data correlation between the Raman and the electron

microscope measurements. 



Chapter 3______________________________________________________________________

63

3.8 References

[1]. C.H.Wouters, Ploem J.S. In: Advances in Microscopy, Academisch proefschrift, Amsterdam,

(1985)

[2]. H. Ghafouri-Shiraz, H. T. Chuah, K. Takahashi, R. A. Faidz, Journal of Optical

Communications 22 Issue 3, (2001), pp. 305-311

[3]. M.Delhaye, M.Truchet, Patent FR 2 596863-A1, (1986)

[4]. M.Born and E.Wolf, Principles of optics, Electromagnetic theory of light. 6th ed. Pergamon

Press, Elmsford, NY, (1980)

[5].  C.R. Burch, Proc,physic.sov., v.59, (1947), pp.47-56

[6].  M.J. Hubbard, J.Dent.Res, (1982), pp. 61-74

[7].  P.R Crocker, D.V. Doyle, D.A Levison, J.Pathol, (1980), pp.131-165

[8].  H.D. Geissinger, J. Microscopy, (1971), pp. 93-109

[9].   L.W. McDonald, R.F.W. Pease, T.L. Hayes, Lab invest, (1967), pp. 16-532

[10].   K.Fredriksson, E.Ukkonen, Pattern recognition letters, volume 20, Issue 11-13, (1999),

pp.1249-1258

[11].   K.Fredriksson, E.Ukkonen, Proceedings of ICIP2001, IEEE CS press, (2001), pp.678-681

[12].  H.Bornfleth, K.Satzler, R.Elis, C.Cremer, J.Microsc. 189, (1998), pp.118-136

[13].  T.D.Lacoste, X.Michalet, F.Pinaud, D.S.Chemla, A.P. Alivastos, S. Weiss

Proc.Natl.Acad.Sci. USA 97, (2000), pp. 9461-9466

[14].  A.M Van Oijen, J.Kohler, J.Schmidt, M.Muller, G.J.Brakenhoff, Chem.Phys.Lett.,292,

(1998), pp. 183-187 

[15]. K.Wetzig, D.Schulze, In situ scanning electron microscopy in material research. VCH

Publishers,inc., New York, NY, (1995)

[16]. G.J.Puppels, F.F.M. de Mul, C.Otto, J.Greve, M.Robert-Nicoud, D.J.Arndt-Jovin, T.M.

Jovin, Nature, (1990) pp.301-347      

[17]. G.J.Beumer, C.A.Van Blitterswijk, M.Ponec, Biomaterials 15, (1994), pp. 551-559



64



65

Chapter 4

Application of the CRM-SEM and ESEM-CRM for

tissue engineering.
__________________________________________________________________________

         

Abstract

             In human life occurs partial or dramatic degradation of tissues or organs. Therefore a

continuous effort in research on repair or replacement of parts of the body takes place. In this

chapter, examples from such a global research program, the engineering of prosthetic devices,

are presented. The results could have a direct medical application. There are several research

topics where application of a combined Raman microscope and electron microscope might be

useful. Based on research topics out of tissue engineering the possible applications of a

combined set up are described in this chapter.    
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4.1 Analysis of biodegradable polymers by SEM-CRM.

 Abstract 

         Depending on the type of a disease, and therefore the type of function that needs to be

replaced, one or an other material might be chosen. Natural material sources are mainly utilized for

it. The source of these materials is from the own patient (autografting), from a donor (allografting)

or from animal (xenografting). Autografts are obviously the most favorable repairing procedure.

However, solely small volumes can be transferred and two surgical operations are required.

Allografting and xenografting are restricted by facts of limited supply, and a decrease of potential

disease transmission and host rejection. In addition, grafting can alter the initial properties of the

implant, decreasing the potential of a graft. Replacements of defected tissues are achieved by

implantation of numerous materials, so-called biomaterials, which are dedicated to be temporarily

or permanently in contact with living tissues or organs. The development of a synthetic bone

substitute is advancing fast [1,2]. Biocompatibility can be defined as the biological acceptance of

the implant. Bio-tolerant materials are characterized by a distant osteogenesis with the formation

of a fibrous tissue layer between implant and tissue. Considering the bone applications, bio-inert

implants are able to enhance the bonding with bone. Various types of synthetic bone substitutes

have been developed in order to comply with bio-functionality and biocompatibility, such as:

1. Metallic materials including titanium, titanium alloys, stainless steel, cobalt-chromium

alloys.

2. Ceramics such as aluminum oxide, carbon, calcium phosphate, bioglass, glass-ceramics.

3. Polymers: silicon rubber, Poly(methyl methacrylate) PMMA, polylactide, PolyactiveTM.

In this study Confocal Raman micro-spectroscopy in combination with electron microscopy is

introduced as a method to investigate by Raman microspectroscopy the structure of a

biodegradable copolymer.
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4.1.1  Introduction

One of the biodegradable polymers used in prosthetic devices is known as PolyActive [3].

Polyactive is a biodegradable hydrogel consisting of a copolymer of polyethylene glycol (PEG)

with polybutene terephthalate (PBT). The Polyethylene terephthalate / poly-butylene terephthalate

(PEGT/PBT) block copolymers have shown interesting physical properties for medical uses. A

direct relationship between physical and chemical properties has been established. Depending on

the copolymer composition the applications can be very different such as in artificial skin or

prosthetic devices with bone-bonding properties [4]. By variation of the amount of the individual

segments in the material or of the PEG molecular weight (degree of polymerization), a range of

properties can be obtained. These changes have a direct influence on the medical application.

Different properties such as elasticity or swelling are needed for prosthetic devices or artificial

skin. The material's mechanical properties are, however, inversely proportional to its bone-bonding

properties and biodegradability. A research project has been proposed to develop an “artificial

bone”, initially by using Polyactive as the organic phase and hydroxyapatite as the inorganic

phase. Besides increasing the bone-bonding properties, due to adding of hydroxyapatite particles,

the mechanical properties of the thus formed Polyactive composite will also be enhanced. 

4.1.2 Materials and methods. 

      The direct evaluation of a molecular composition taken from  ~ 10-18 m3 of PolyActive can be

done by confocal Raman micro-spectroscopy. A library of Raman spectra, recorded at the same

conditions for the given copolymers, will help to obtain quantitative and qualitative information.

Immediate estimation of molecular composition can be obtained during processes of degradation

without special preparation of investigated samples. To identify which Raman frequency, of a

complex molecule, belongs to which bond we have to consider separate parts of the PEGT/PBT

copolymer. Because of the complicated bio-chemical processes involved in bio-degradation a

detailed band analysis is required. Several authors investigated the Raman spectra of PBT,

Dymetyl therephthalate (DMT), and Butanediol 1.4, which are initial components for PEGT/PBT

copolymer.  Therefore, the band analysis of PolyActive might be performed based on literature

data, analysis of Raman spectra of the initial components and different compositions of the

PEGT/PBT copolymer. 

       The CRM described in chapter 2 was used for the characterization of PolyActives by Raman

microspectroscopy. The combined version of CRM and SEM Philips “525” described in chapter 3

was used for analysis of degradation of the PolyActives.     
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The PEGT component consists of a PEG part

                           H[ -O- CH2-CH2-]n-OH 

where n determines the degree of  polymerisation, and a dimethyl therephthalate (DMT) part:

            H3C-O-C                                 C-O-CH3 

                        O                                 O

In the copolymer their combination is transformed to a so called soft-segment:

                -O - C                                  C - O [-CH2 –CH2-OH ]n

                        O                                 O

The PBT component consists of a 1,4 Butanediol part     

 

                         HO                     OH     

 and a DMT part. These two components form in the copolymer a so called hard-segment:

                   

             -[- O - C                                   C -  [O                     O]n                        

                         O                                  O

        According to the proposed way of degradation for PolyActives [5] the soft block (PEGT)

should degrade faster than the hard block (PBT). Such a way of degradation will lead to relative

changes in molecular composition of the whole co-polymer and consequently the Raman

spectrum. From one side, to find out an instant relation between PBT and PEGT, the band

assignments may be performed only for these two global components, while a more detailed band

analysis is necessary if other chemical changes occurred. The typical nomenclature of PolyActive

is N PEGT %,PBT%. Where N is a degree of polymerization of PEG part and PEGT%, PBT%

indicates which part of the total molecular weight is occupied by PEGT or PBT respectively. For

example 50/50 ratio does not mean that 50 molecules of PEGT and 50 molecules of PBT are

present in the unit of volume. The molecular weight of PEGT depends on degree of

polymerization and for instance for N=4000 is much larger than for PBT. Therefore the number of

PBT molecules in the unit of volume will be much higher than the number of PEGT molecules.

In fig.4.1.1 the Raman spectra of a 4000 PEGT80/PBT20 is shown as an example. 



Chapter 4______________________________________________________________________

       From the chemical structures of soft and hard blocks it is known that both PBT and PEGT

contain similar parts of DMT. The assignments for some bands of that part are as follows [6]: 635

cm-1, 708 cm-1 belong to aromatic ring vibrations, 1610 cm-1 to C=C ring vibrations and 1725 cm-1

to C=O vibrations. For comparison the Raman spectrum of pure DMT has been recorded and is

shown in fig. 4.1.2 
69

Figure 4.1.1 Raman spectrum of the

PolyActive Spectrum was normalized

on 1725 cm-1 peak intensity. The

spectra were recorded during 30 sec.

at 15 mW on a sample, λ=685nm.

Several bands can be used for

characterization of molecular changes

during the degradation process. Most

prominent of them are bands around

1278 cm-1 and 1458 cm-1.     

Figure 4.1.2 DMT Raman spectrum.

Raman spectrum of pure DMT shows

Raman frequencies of

635,708,1610,1725 cm-1 also present in

PolyActive. The spectrum was recorded

during 30 sec. at 15 mW on a sample,

λ=685nm.

Figures 4.1.2 and 4.1.3 show that DMT bands at 635,708,1610,1725 cm-1 and additionally a band

at 1106 cm-1 are located at the same frequencies in the polymer. These bands belong to DMT and

belong also to both PEGT and PBT. This first analysis gives an impression about the independent

behavior of some Raman bands belonging to the initial components. Hence, by “eliminating” the

DMT bands from the polymer spectrum the Raman bands of other components can be found. 
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To identify characteristic bands for PEG and Butanediol, subtraction of normalized spectra from

each other needs to be performed. The normalization can be made for any band, which belongs to

DMT. By subtracting  “less PEGT” from “more PEGT” the PEG bands will remain positive while

the Butanediol bands will have negative values. In fig.4.1.3 difference spectra for a 4000 and a

1000 series of PolyActive are presented. The spectra were normalized on the 1725 cm-1 peak

intensity. There are clearly visible differences in the spectra, depending on the molecular

composition.

Figure 4.1.3 Raman spectra and difference spectra of PolyActives.  Normalized Raman spectra for the

series of PolyActives with degree of polymerization 4000 and 1000. Normalization was made for the C=O

peak at 1725 cm-1. All spectra were obtained at 15 mW of light power on the sample and for 30 sec

acquisition time, λ=685nm.
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Figure 4.1.4 Raman spectrum

of  PEG.  Depending on the

degree of polymerization

bandwidths change due to

crystallinity of the polymers. 300

is less crystalline than 4000   

The spectra were recorded

during 30 sec. at 15 mW on a

sample, λ=685nm.

         The spectra obtained after subtraction are similar to the spectrum of PEG presented in

fig.4.1.5. This analysis confirms the independent contributions from DMT, PEG and Butanediol.

The contribution from Butanediol to the total spectrum of PolyActive is invisible for the 4000 and

1000 degrees of polymerization of PEG. Indeed it can be seen from the chemical structures that the

difference between Butandiol and PEG is only the number of CH2 bonds in the polymer chain. The

polymer with a degree of polymerization of 300 shows some negative bands after subtraction of

300PEGT80PBT20 – 300PEGT55PBT45 (fig.4.1.5). 
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Figure 4.1.5 Normalized Raman

spectra of the PolyActives with

degree of polymerization 300 and

their difference. 

All spectra were obtained at 15 mW

of light power on the sample and for

30 sec acquisition time, λ =685nm.

The polymer with degree of

polymerization of 300 shows some

negative bands after subtraction of
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 In fig.4.1.6 pure spectra of Butanediol 1.4, PBT, DMT and DMT, PEG are presented. 
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ure 4.1.6. Raman spectra of initial components and PBT. In the Raman spectrum of PBT it is

sible to distinguish the dominating contribution of DMT, while bands at 888 cm-1, 1030 cm-1 and 1380-

0 cm-1 are prominent bands belonging to Butanediol 1.4. 

en the analyses of the measurements, the observed spectral changes in fig.4.1.3 are due to the

o between PEG and DMT of the PBT block.  The band assignments based on literature (6-13)

 the analysis performed are summarized in table 4.1.1
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Table 4.1.1 Band assignments for PBT and PEGT components.

Raman  shift

cm-1

Assigned

part

Chemical assignments for most

prominent bands

Reference

635 PBT,PEGT Aromatic ring [6,12]

708 PBT,PEGT Aromatic ring [6,12]

~ 803 PBT,DMT Trans-gauche conform. [9]

843 PEGT Trans-gauche conformation [13]

859 PBT C-X [9]

888 PBT Trans-gauche [8]

1008 PBT Trans-gauche [8]

1062 PEGT O-CH2 [11]

1106 PBT O-CH2 [9,10]

1126 PEGT Trans conformation [10]

1142 PEGT Trans conformation [10]

1179 PBT Ring C-C stretching [10]

1232 PEGT CH2 -

1279 PEGT Trans conformation [10]

1284 PBT Trans conformation [10]

1448 PBT Trans ester-glycol [11]

1465 PBT Gauche ester-glycol [11]

1478 PEGT CH2 -

1610 PBT,PEGT C=C [10]

1724 PBT,PEGT C=O [7,12]

Taking into account the data in table 4.1.1 and the mutual molecular weights of the components it

can be concluded that for different degrees of polymerization of PEG the ratio between the

intensities of PEG bands and DMT bands is different. This will lead to a different non-linear

frequency behavior in the PolyActive series. The peak intensities in (4.1) is assumed to be

proportional to the PBT and PEGT molar fractions respectively. To summarize the previous

discussions the simulation of frequency behavior and the experimental results are shown in

fig.4.1.7 and fig.4.1.8 accordingly. In fig.4.1.7 the simulation of the mutual intensity behavior for

frequencies 1278, 1478 and 1725 cm-1 is shown.              

               
pegtpbt

tionpolymerizapegt
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kNPEGT
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a virtual spatial volume, kpolymerization is coefficient depending on the degree of polymerization and

MW is the molecular weight of PEGT and PBT respectively.
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   Degree of polymerization of

PEG

  

      -  4000

      -  1000

      -   300

Figure 4.1.7. Simulated frequency behavior.  According to the band analysis we propose that the

contribution to the 1725 cm-1 band is the sum of the relative amount of PEGT and PBT molecules in the

volume, while the contribution to the bands at 1478 and 1278 cm-1 is only from the PEG molecules. Kint  is

introduced as a coefficient, which takes into account the contribution to the total intensity of 1725 cm-1

peak  from PBT part and in our estimation  is assumed to be  0.05.  To identify this coefficient more

precisely the measurements of PEGT has to be done. In fig.4.1.8 the experimental results are presented. The

measurements were performed for the 4000,1000 (twice) and 300 series of PolyActive.  

Figure 4.1.8 Intensity changes for two specific Raman frequencies versus PEGT/PBT ratio. The

measurements were performed in 8 different points of the material with 10 measurements in each point for

the complete range of measured polymers to accumulate statistical data. It is possible to see the non-linear

behavior of the PEG frequencies. The stronger polymerized the PEGT, is the stronger the non-linear

behavior is.
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According to the band assignments the intensity of the 1478 or 1278 cm-1 bands depends on the

degree of polymerization and the amount of PEG in a volume. The intensity of the 1725 cm-1 and

the other DMT bands are the sum of contributions from PBT and PEGT segments with a different

strength factor. The effect of band broadening was not taken into account for calculation of the

band intensity ratios. The simulations and the measurements were performed for the 4000, 1000

and 300 degrees of polymerization. The choice for the 1278, 1478 cm-1 bands is obvious since they

have the largest intensity variations, depending on the PolyActive composition, as compared to the

arbitrary 1725 cm-1 band. The larger the variation, the more precise the composition determination

is. In fig.4.1.8 two curves of PolyActives with a degree of polymerization of 1000 are located near

each other. These curves were obtained in the CRM in the time interval of 1.5 year. This indicates

the stability of the set up and the accuracy of the measurements. According to the predictions and

band assignments, these bands have an identical intensity dependence on the polymer composition.

It is also possible to see that the rate of change for polymers with a higher degree of

polymerization is much higher. Because of this, it is necessary to increase the acquisition time to

obtain a reasonable accuracy for the ratio-analysis for polymers with a lower degree of

polymerization. For a more precise estimation of the PEGT/PBT ratio other PEG bands can be

added to the analysis. Since the curvature of the graph, showing the dependence of the intensity on

degree of polymerization, increases towards higher compositions of PEGT, the accuracy of

determination of PEGT/PBT ratios is higher in that region. A most perspective polymer is 1000

PEGT70PBT30, because this fits in the high curvature region, where accuracy is high. 

4.1.3 Results on degradation of PolyActives. 

Before analyzing in-vivo degraded samples a simulated in-vitro degradation for a few polymers

was performed. By keeping the Polyactives in water at 900 C for 14 days the rate of degradation

can be significantly enhanced.  Therefore, the changes in the Raman spectra of polymers during an

in–vivo degradation are possibly well simulated in such way.  In fig.4.1.9. the results of a

simulated degradation performed for Polyactives (300PEGT70PBT30, 300PEGT55PBT45 and

1000PEGT70PBT30) are presented. The Raman spectra of these polymers were measured before

and after degradation and afterwards subsequently subtracted. According to the previous

consideration, after normalization to the 1725 cm-1 a decrease of the soft block versus the hard

block is expected to take place. The strongest changes happened with 1000 polymer as was

predicted. The 300PEGT70PBT30 polymer possesses a similar but less prominent behavior and

300PEGT55PBT45 changes are invisible. As in previous analyses, the positive remaining bands

indicate a decrease of material, while negative bands indicate the increase of a relative amount of

material. Results in fig.4.1.9, in contrast with fig.4.1.3 and 4.1.5, show clear visible differences

between negative PBT bands and positive PEGT bands. 
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The samples were explanted at 1, 2, 4 and 12 weeks. The results of these measurements are

presented in figures 4.1.10, 4.1.11 and 4.1 2.     
Figure 4.1.10 Comparison of 300PEGT55P

of degradation after 12 weeks of implantation

much smaller than error level (0.08-0.09).
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Figure 4.1.12 Comparison of 1000 PEGT70P
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           According to the previous research on degradation, made by van Loon [14],

a similar behavior of Raman spectra for 1000PEGT70PBT30 was observed for a much longer

period (1 year) of implantation. The appearance of negative bands at 888 cm-1 and 1295 cm-1 and

positive band at 1278 cm-1 was also observed in this study, but unfortunately information about the

important 843 cm-1 band is absent in the work of van Loon. The NMR analysis conducted by

Deschamps [15] shows that the polymer composition had changed, showing a decrease in soft

segment content of 5% after 12 weeks of implantation. These results conducted by two different

techniques are pretty well matched, but the measurement error and a high fluorescent background

do not allow us to make firm conclusions from these Raman measurements, whether a degradation

took place in the period of 12 weeks However, analysis of sample histology and chemical

composition by combined SEM-CRM shows intense calcification of 1000PEGT70PBT30

(fig.4.1.13.) and minor calcification in 300PEGT70PBT30 pieces.   
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Multi –frequency Raman imaging for backscatter electron imaging mode.  

        Special sample preparation is required for the backscatter electron imaging mode. Using this

method allowed us to obtain good quality histological sections to be used for Raman spectroscopy

or histological investigation by backscatter electron imaging mode. Moreover the correlation

between Raman and backscatter electron image, described in chapter 3, can be increased. The

procedure used for sample preparation for backscatter electron imaging mode is the following: 

       Samples fixed in karnovsky’s fixative (5 parts 8% paraformaldehyde, 2 parts 25% glutaric

aldehyde, 3 parts 0.2 M cacodylic acid). After trimming to remove excessive tissue, the samples

were dehydrated through an increasing alcohol series (70%-100%). After dehydration, the samples

were placed in poly methyl methacrylate (PMMA) liquid at 4 °C while shaking for several days to

ensure good PMMA penetration into the samples. After immersion the samples were polymerized

at 37 °C in a waterbath for at least 7 days. After polymerization the samples were checked for

hardness using a needle. When suitable hardness was obtained, the samples were used for

histological preparation, if not, samples may be placed for 2 days at 60 °C to ensure total

polymerization. Sections were made using a diamond innerlock rotating saw. Since PMMA has a

quite strong contribution to the Raman signal, it becomes necessary to subtract its spectrum from a

combined spectrum obtained from a sample. The Raman spectrum of pure PMMA is presented in

fig.4.1.14. 

Figure 4.1.14 Raman spectrum of
80

PMMA.
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Figure 4.1.15 Multi –frequency Raman image of polymer scaffold embedded in PMMA after

implantation.   As an example of the multi-frequency imaging and possibility to distinguish between two

similar components, Raman images are presented. A-two Raman frequencies simultaneously belonging to

PMMA and Co-polymer, show almost homogeneous distribution. B,C- contain Raman frequencies

belonging  only to PEGT and PBT respectively. Bond B,C show a mutually identical spatial distribution

different from PMMA (A).       

Thus, it rather difficult to estimate PEGT/PBT ratio for PolyActive implanted in PMMA block and

larger acqusition time is required for that, while it is not difficult for this CRM to make a Raman

image of the implanted material. In fig.4.1.15 the extracted PolyActive Raman spectrum and the

Raman image of the embedded material are shown. The Raman image was obtained on 3

frequencies at the one time.  
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4.1.4 Conclusion

       The designed CRM allows to determine qualitatively and quantitatively the molecular

composition of the PolyActives. Estimation of the molecular composition, based on analyses of

high frequency Raman region, gives 5-10% accuracy depending on the degree of polymerization.

These results can be used for instance to study 1000PEGT70PBT30 polymer after longer than 12

weeks of degradation. The accuracy might be improved by using the other Raman bands in low

and high frequencies Raman regions in addition. The results of the assignments allow to perform a

screening of bioprocesses and chemical changes which can occur during implantation, if such

changes are of a detectable degree. A calcification of some pieces of polymers after implantation

in animal was found by SEM and confirmed by CRM in the combined version. These first results

show the capacities of the combined technique. The combined instrument allows to determine the

local molecular composition of a sample. This becomes important at high complexity of the

degradation process. Although a number of different techniques have been used to discover the

degradation in-vivo [17-20], the exact process is not known. The useful contribution of our

combined instrument to research on bio-degradation becomes therefore obvious.  In combination

with the SEM “525” only the spectral data were available, while in combination with the ESEM

“XL 30” also the Raman imaging mode is available. 

      The stability and sensitivity of the CRM allow to perform different subtractions of spectra and

make a reliable analysis. As was shown in the example of an implanted sample in PMMA, it could

be used for the backscatter electron imaging mode. Taking into account the multi-frequency

imaging mode described in chapter 2, a simultaneous Raman image of PMMA, PolyActive,

calcium phosphate and possibly other inclusions can be made.
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4.2. Evaluation of newly formed bone tissue by ESEM-CRM.

Abstract

          In the previous section the method for evaluation of degradation of the biodegradable

polymers by SEM-CRM was introduced. The scaffolds, made of PolyActives, are potentially

meant to be used for tissue reproduction. These bio-constructions should lead to well adhesion of

seeded osteoprogenitor cells or bone bonding and also facilitation of tissue regeneration. In this

chapter the combined ESEM-CRM is used for evaluation of a newly formed bone tissue. This

system was described in chapter 3 and has the possibility to make Raman images. 

Therefore, Raman imaging of the relative samples and its comparison with the SEM images for

different possible situations are analyzed in this chapter.   



Chapter 4______________________________________________________________________

85

4.2.1. Introduction

          Microscopically, bone is a highly complex and specialized form of tissue. It is a mineralized

tissue, which consists of an organic matrix strengthened by deposited calcium phosphate crystals.

Collagen type I, based on fibers constitute approximately 95% of the organic matrix; the remaining

5% are composed from several non-collagen proteins. This calcified matrix embeds bone cells,

which participate in the maintenance and organization of bone, namely osteoprogenitor cells.

Osteprogenitor cells can be defined as stem cells, which can proliferate and differentiate in bone

formation. These cells are responsible for synthesis, deposition and mineralization of the bone

matrix [1].           

         Furthermore, bone contains elements, which are difficult to attribute to either the mineral

phase or the organic matrix [2]. In bone and other mineralized tissues, the mineral particles

(crystals) have irregular shapes. Their sizes range in length from 2 nm for the smallest particles, to

a few hundreds of nm for the largest particle [3,4]. Bone mineral starts to nucleate into the holes

and pores present in the collagen fibrils [5]. This heterogeneous nucleation is catalyzed by the

presence of phosphated ester groups [6] and carboxylate groups [7] present in the collagen fibrils.

Therefore, the growth, or mineralization, takes place along the collagen fibrils, finally

interconnecting all of the collagen fibrils. The nature of the primary mineral phase formed prior to

mature bone mineral apatite derives from calcium phosphate clusters (Ca9(PO4)6) packing

randomly with interfacial water to form amorphous calcium phosphate precursor [8]. 

         A major field of interest is the study of seeding progenitor cells and the formation of extra

cellular matrix by cells. Several authors have studied bone in the past by using Raman

spectroscopy. Walters et al.[9] have studied samples treated with hydrazine to remove the organic

compounds of bone, Sauer et al.[10] studied chicken long bone and calcified cartilage bulk

samples by Fourier-transform Raman spectroscopy without any histological observations. Rehman

et al.[11] published a study on deproteinated cubes of human and sheep cortical bone by Fourier-

transform Raman spectroscopy. None of the authors however studied their samples by histology

and subsequently measured interesting microstructures, using Raman spectroscopy, observed by

electron microscopy. Recently a combination of transmission light microscopy and Raman

spectroscopy has been used to study micro damages in bone but obviously for thin sections of the

sample since it has to be transparent [12].  The combined SEM-CRM is able to study both

morphology of extra cellular matrices, cells and biomaterials and the inorganic and organic

components within these structures. This allows studying samples and provides histological and

chemical information by parallel measurements on the same sample.
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4.2.2 Materials.

        Collagen type I is the protein which is the most abundant of all proteins found in bone. Both

“in situ” and “in vitro” collagen has a major function in mineral deposition. In vitro the

mineralisation of a collagen matrix, made by bone marrow cells, on different substrates was

observed by electron microscopy by several different authors. In these cases a network of collagen

fibers was observed which had undergone calcification [13-16]. FTIR and X-Ray spectra showed

that the mineralisation observed consists of carbonated apatite, like calcium phosphate,

comparable to the material inside bone. 

        Two major substances, collagen type I and calcium phosphate were measured by the CRM

separately to obtain their pure spectra. The Raman spectrum of calcium phosphate is presented in

fig. 4.2.1. The most prominent band of the phosphate group [17] has a Raman shift of 960 cm-1.

This band is a characteristic band of calcium phosphate. 

                                                  

Figure 4.2.1 Raman spectrum of

(Ca9(PO4)6). The calcium

phosphate gives relatively strong

Raman signal. Presented spectrum

has been acquired at 1 sec time

and 15 mW power on the sample,

λ=685nm. 

Pure Collagen type I (Sigma, The Netherlands) from rat’s tail tendons was used as a positive

control of collagen presence in the extra cellular matrix. The ESEM image of a bulk sample of

pure collagen type I and its Raman spectrum are presented in fig.4.2.2. The prominent bands of

collagen type I are located in the following regions: ~ 1650 cm-1 Amide I C=O stretch [18,19],

~1450 cm-1 CH region [3,4,20], ~1270-1300 cm-1 Amide III, CH-deformations [19,21]. Since

these regions are not overlapping with the characteristic band of calcium phosphate, these regions

are suitable to be used for the calcium phosphate-collagen ratio comparison during the different

stages of bone tissue formation. 
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Figure 4.2.2 SEM image and Raman spectrum of a collagen type I.  Before measurements of a collagen

produced by cells the Raman spectrum of the collagen type I was recorded as a reference. Measurement

time was 1 min. Power on sample 15 mW, λ=685nm. 

Cell culture

Rat bone marrow cells were isolated from the femora of young male wistar rats (150 g.). In short

the animals were sacrificed by cervical dislocation and then shaved thoroughly. The hind legs were

cleaned with 70% ethanol and the femora were extracted aseptically. After removal the femora

were thoroughly washed in α-MEM medium containing antibiotics for 3 times 5 minutes on ice.

After washing the femoral heads were removed and the bone marrow was flushed out of the

marrow cavity using a needle and 10 ml of culture medium. The isolated marrow was then

meticulously resuspended and seeded in T75 culture flasks (1 femora/flask). The cells were then

cultured in normal tissue culture plastic. Afterwards the cells were seeded onto Ti6Al4V plates at a

density of 1E4 cells/cm2 and then cultured for 21 weeks to allow sufficient extra cellular matrix

(ECM) formation and on calcium fluorite substrates for 2, 8, 21 days. The Ti6Al4V material is used

as a prosthetic device and has a direct medical application. Calcium fluorite substrates are

frequently used for Raman microscopy, which gives very low background. After 14 days of

culture the cells were fixated with 1.5% glutaraldehyde in 0.14 M cacoadylate buffer (pH 7.4).

After fixation the cells were dehydrated by immersion in an increasing ethanol series (70-100%)

and critical point dried (Balzers CPD 030 critical point drier) afterwards. The top cell layer was

then removed by using pressurized air and scotch tape to reveal the underlying ECM and cells. 
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4.2.3 Results and discussion.

After 2 days of ECM culturing on calcium fluorite substrate only the cell layer and no ECM was

observed by electron microscopy. The measured Raman spectra show also no signal from the

ECM. According to expectations after 8 days of culturing the collagen structures should appear

and minor calcification should begin. However, no regions containing the collagen structures and

calcium phosphate particles were observed by SEM. Some small structures different from the bone

marrow cells were checked by the CRM. The spectral data show only presence of highly

fluorescent material and no specific bands of collagen or calcium phosphate were visible. Collagen

type I is the major contributing protein to the bone tissue, but certainly not the only one present in

the matrix. Other well-known substances, such as carotenoides and hemes contributing to the

ECM, give strong fluorescent background [22]. Appearance of the strong fluorescent areas in the 8

days sample indicates the changes in cellular surroundings in comparison with the 2 days sample. 

        After 21 days of culturing on a calcium fluorite substrate much denser cellular layers and

structures of the ECM were observed by SEM and an even stronger fluorescent signal dominated

in spectra recorded by the CRM. 

However, after some 10-15 seconds the fluorescent signal is bleached till an acceptable level and

the Raman signal from calcium phosphate and a very low signal from collagen were observed

(fig.4.2.3a). The XRMA analysis shows a very small presence of phosphate also (fig.4.2.3b)    

                                      (a)                                                                            (b)

Figure 4.2.3 Raman spectrum and XRMA after 21 days of culturing. Raman spectrum was recorded for

30 sec, λ=686 nm, 6mW power on the sample. The X-ray microanalysis shows very small presence of

phosphate in scan area 50x50µm.     
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In contrast with the sample on calcium fluorite plates, nicely visible collagen structures densely

covered by calcium phosphate particles were observed after 21 days culturing of the bone tissue on

Ti6Al4V plates (fig.4.2.4).

Figure 4.2.4.  SEM image and Raman spectrum of the ECM after 21 days of culturing on Ti6Al4V

plate.  The Raman spectrum was obtained at 6mW power on the sample, λ=686 nm and acquisition time 30

sec. Fluorescent background was subtracted.  

The Raman spectra from these samples can be obtained after the fluorescence is bleached to a

certain level. The signal to noise ratio can be improved by a longer acquisition time. However

Raman imaging would be difficult in such a situation. As soon as the laser spot moved to another

point on the sample fluorescence intensity will dominate in the passed band selected for imaging.

In fig.4.2.5. the SEM image and the Raman image of a separately located part of the newly formed

tissue is shown. 

Figure 4.2.5. SEM and Raman image of separat

the same area of the sample, that was selected befo

obtained at 6mW power on the sample, λ=686nm, 

collagen band around 1449 cm-1 was selected for im

value, which indicates the presence of a strong fluo

(fig.4.2.3).   
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y located part of the ECM. The Raman image shows

e by observation in the SEM. The Raman image was

ec per step and 1µm step size. The most prominent

aging. The intensity bar shows a very intense maximum

escent signal, while 1449 cm-1 has quite low intensity
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The intense band of calcium phosphate and prominent collagen bands are visible in the Raman

spectra in fig.4.2.4.  The Raman spectrum shows the presence of typical PO4 -960 cm-1 symmetric

stretch bonds. The CO3 stretch vibration can be found at around 1070 cm-1. Raman peaks

indicative of the presence of protein begin to appear around 1450 cm-1 and 1580 cm-1, which

belong to C-H bending mode and Amide I C=C stretch respectively. The amide III protein bands

are observed in both ECM (1270-1300 cm-1) and pure collagen type I (fig.4.2.2.). This Raman

spectrum is similar to the Raman spectrum of a bone tissue (fig.4.2.6), which is of course the sign

of formation of the last one.

         Given the consideration, additional treatment of the sample with hydrogen peroxide (H2O2)

described by J.J.Freeman and G.Penel [22,23] was applied. In their papers they show the

comparison of bone samples before and after hydrogen peroxide bleaching, which indicated that

the Raman shifts of all the collagen and bioapatite bands are unaffected by the peroxide bleach.

We have conducted the same treatment for the bone samples. In fig.4.2.6 the Raman spectra of the

bone before H2O2 treatment and after the treatment are shown. 
90

Figure 4.2.6 Raman spectra

of the bone before and after H2O2

treatment. The Raman spectra were

recorded at 6mW of power on the

sample, λ=686nm and acquisition

time 30 sec. The improvement in

signal to noise ratio after the

treatment is clearly visible.    

Hydrogen peroxide bleaching of the samples allows to make Raman images even in complex

samples. As an example the interface between Calcium phosphate coatings, used as a part of

scaffold in prosthetic device, and newly formed bone tissue is shown in fig.4.2.7. The intensity

distribution of the PO4 Raman band shows the clear interface between the coating and newly

formed tissue containing calcium phosphate particles. This important result would be impossible to

be obtained without the hydrogen peroxide bleaching of the sample.
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Figure 4.2.7. SEM and Raman image of interface between CaPh coatings and newly formed bone

tissue. The SEM image was obtained by back scattering detector. The Raman image of the selected area

was obtained at 6 mW power on the sample, λ=686 nm and acquisition time was 0.5 sec per step. The PO4

band around 960 cm-1has been used for imaging.  

   

The same sample treatment was applied to the ECM cultured for 21 days on calcium fluorite

plates. A very weak Raman signal was observed for the PO4 band and XRMA did not show

calcification of the sample as well. However, after H2O2 treatment a more intense Raman signal

was observed just under the dense cellular layer (fig.4.2.8). 
C

c

T

onsequentially the Raman image has been ma

alcium phosphate was found. The SEM image

his situation was described in chapter 3 and w
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Figure 4.2.8 Raman spectrum of the

ECM after 21 days cultured on

calcium fluorite plates after H2O2

treatment. The following

measurement conditions have been

used to record the spectrum:

Power on the sample 6 mW, λ=686

nm and acquisition time 30 sec.

Clearly a difference between

fig.4.2.3a and this spectrum exists. 

de, in the area where the Raman spectrum of

 of the same area shows only the top cellular layer.

as illustrated by fig.3.9.

1600
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Figure 4.2.9 SEM and Raman image of calcium phosph

to the hydrogen peroxide treatment of the sample the fluore

becomes possible. The Raman image was obtained on the P

λ=686 nm and acquisition time 1sec per step.

4.2.4 Conclusion

       The ability of Raman imaging was added in the co

tissue engineering topics show the usefulness of a com

only from ESEM could be not enough to fully charact

shown before no of the available detectors in ESEM, i

secondary electron detector can identify the presence o

is possible to do so by CRM. From the other side a hig

allows to identify small particles of calcium phosphate

of the strong fluorescent signal interfere to acquire the

        The results obtained by ESEM-CRM show also t

was discussed in chapter 3 the degree of correlation be

of a sample.

        The sample treatment by hydrogen peroxide desc

the collagen bands remain unaffected. However, the in

components should be studied. Especially it is importa

on prosthetic devices made of PolyActive materials.   
ate distributed under the cellular layer.  Due

scence was bleached and Raman imaging

O4 band (960 cm-1), 6 mW power on the sample,

mbined ESEM-CRM set up. The results on

bined set up. It is possible to see that data

erize the changes in the sample. As was

.e. X-ray detector, backscatter detector and

f material under the cellular layer, while it

h resolution SEM image, shown in fig.4.2.5,

 and collagen structures, while the presence

 Raman spectrum. 

he ability to perform Raman imaging. As

tween the images depends on the structure

ribed by [22,23] and our results show that all

fluence of this treatment on other organic

nt for the analysis of bone tissue formation
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Chapter 5

4Pi Raman microscopy
         

Abstract

       A recent approach in resolution improvements of far field microscope techniques is the application of a

standing wave or 4Pi scheme [1]. Such a scheme leads to a larger axial resolution in a confocal microscope.

This is important for investigating such samples as a biological cell. Several examples of an improved axial

resolution for fluorescent and two-photon fluorescence microscopy based on the 4Pi configuration are

published in literature. An interesting application and new effects can be measured and investigated by

using confocal Raman microscopy based on a 4Pi configuration. More local chemical information can be

achieved by dramatically decreasing of the excitation and collection volume.  We show in this chapter the

first approach to develop the 4Pi Raman microscope. The influence of standing wave effects on

depolarization ratio and excitation volume for Raman scattering are considered here.       
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5.1 Introduction

         One advantage of light microscopy over electron and scanning tip microscopy is the

possibility to image biological specimens without the need for vacuum preparation of the cells

under investigation. Light microscopy also is informative and could be superior to other forms of

microscopy, but it has one big disadvantage. This is the fact that its resolution is limited by

diffraction. The maximal spatial resolution obtainable with visible light is 200 nm in the lateral

direction and about 600 nm in the axial direction for 633 nm wavelength. The advantages

mentioned earlier are sufficiently strong reasons to seek ways of overcoming the diffraction limit.

In the early nineties some big steps to overcome the limit have been made. Stimulated emission

depletion microscopy has broken the diffraction barrier by a factor of 6. [2]. Denk [3] successfully

applied two photon excitation to overcome the limit, followed by S.W. Hell using three photon

microscopy. In axial direction the focal spot is very elongated. Various techniques have been

developed to improve the axial resolution. Standing wave microscopy, 4Pi confocal microscopy

[4] and the incoherent illumination interference imaging in an interference microscope all have

claimed a substantial increase in axial resolution. The big advantage of a 4Pi confocal microscope

is that it has a well-defined effective focus. This chapter will describe the development of a 4Pi-

type confocal Raman microscope.

        In 4Pi microscopy two objectives are placed on either side of an object to be imaged. The

PSF contains an interference pattern consisting of a central lobe and one or more side lobes on

either side. Three types of 4Pi microscopy exist: the 4Pi(A), (B) and (C) scheme. The three

triangular 4Pi configurations and a confocal configuration are shown in figure 5.1. Square

configurations also exist. All 4Pi microscopes consist of a Sagnac interferometer (the triangle)

with two objectives and the sample in the beam path, further a laser source is used and a confocal

detector. The detector is often a PMT or an APD in fluorescence, but in our broadband Raman

setup it will be a monochromator with CCD camera. In 4Pi(A) the object is illuminated coherently

resulting in an interference pattern in excitation PSF, while the detection PSF is the same as in

confocal microscopy. In 4Pi(B) microscopy the detected light is recombined on the beam splitter

and interferes, i.e. the detection PSF exhibits an interference pattern, in this type of excitation the

PSF is confocal. A 4Pi(C) scheme is a combination of the 4PI (A) and the 4PI (B) schemes where

the interference takes place both in the excitation and in the detection PSF [4]. 
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Figure 5.1 Schematic representation of the confocal, 4Pi(A), 4Pi(B) and 4Pi(C) configurations. In the

4Pi(B) and (C) configurations, the position of either the sample with objectives or the beam-splitter must be

adjustable, in order to obtain an optical path length difference smaller than the coherence length.

The light source can be any laser with a relatively long length of coherence. In the 4Pi(A) scheme

the illumination automatically interferes, provided the coherence length of the source is long

enough. The optical path length difference (OPD) in the detection path of the triangle should be

smaller than the coherence length of the detected signal. In the 4Pi(B) scheme the coherent source

is placed behind one of the two mirrors in the triangle to prevent interference in the illumination.

In the 4Pi(B) and (C) schemes the OPD is adjustable by means of moving either beam splitter or

sample with objectives. Moving the beam splitter results in a change in system alignment, while

moving the sample is difficult due to the required accuracy and travel range. The 4 PI(A) scheme

is the easiest scheme to perform. In this chapter all results are obtained from this type of 4Pi

Raman microscope. 
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5.2 Theory.

Field distribution in the focus of a 4Pi (A) and a 4Pi(C) microscope.

For a 4-Pi system the electric field in focus should be described in terms of the Huygens-Fresnel

principle and standing wave formation in the common focus of the two reciprocal microscope

objectives. Using Kirchoff’s boundary conditions, the electric field for a single microscope

objective can be written in vectorial form [5].

     ∫∫ ∇⋅+∇××+×−=
s
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                                  (5.1)

where G is the Green’s function associated with the Helmholtz equation. Where, G is:
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 The unit vector 
sp
speG −

−
=ˆ  is directed from a point “s” on S, where the field is evaluated, to the

point “p” where the field is calculated.  The scheme for the calculation of the PSF is presented in

fig.5.2
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igure 5.2. Illustration of parameters used in the PSF model for the lens.  A “θm” is N.A. of the

icroscope objective. The electric field components are evaluated in Cartesian coordinates, and the wave

ront in spherical coordinates. The u,v are relative optical coordinates which will be defined later.       



Chapter 5_______________________________________________________________________

99

Es and Bs, in equation (5.1) represent the spatial component of the electromagnetic field at the lens

reference sphere, s the distance between “p” and a point on S and dσ a surface element of S. The

mathematical computation shown by Richards leads to the following expression for the field

vectors at the point “p” of excitation Eex(x, y, z) [6]:
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Where I0, I1, I2 – are presented in integral form and A is an amplitude factor: 
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The formulas (5.4, 5.5) express the electric field at any point “p” in Cartesian coordinates, while

the integrals are evaluated in spherical coordinates rp,θp,φp. After introducing the relative optical

coordinates υ,u ,- and the polarization angle-φ, where  

                 mppkru θθ 2sincos=   and   mppkr θθυ sinsin=       

The average energy flow becomes:
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In fig.5.3a the simulated intensity distribution in the focus according to (5.4, 5.5) is presented.

Since we have obtained the complete electric field distribution for a single microscope objective,

the electric field distribution for a 4Pi (A) or a 4Pi(C) scheme can be simulated by introducing a

phase shift in (5.5) and superimpose (5.4) for opposite direction i.e. (u and –u). Then the simulated

intensity distribution in the focus of the 4PI arrangements is obtained. The intensity distribution in

the focus of a 4PI scheme is shown in fig.5.3b. By eliminating the side lobes by spatial filtering

and deconvolution procedures the axial resolution in the 4Pi microscope is determined by the

FWHM of the standing wave maximum. A proper phase shift between the two optical paths in the

Sagnac interferometer leads to full matching of the anti-node of the standing wave and maximal

intensity of the common focus.   
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                                                                       (a)

                                                                         (b

Figure 5.3 Intensity distribution in focus. Upper f

a confocal microscope. The lower picture demonstra
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Theoretically and practically the depolarization phenomenon by high. N.A. microscope objectives

for incoming linearly polarized light was proven [7]. In the region near the focus the Z-component

of the electric field appear. Thus, elliptically polarized light arises with ex, ez-components present

in the region near the focus (magnitude of ey-component is negligible).  In fig. 5.4 the distribution

of the electric field components for a confocal and a 4PI microscope are shown.
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 The field polarization behavior has strong influence on Raman measurements, and especially for

crystalline materials. To estimate the influence of the 4Pi configuration of the microscope on the

Raman depolarization ratio, the electric field polarization behavior for the 4Pi scheme should be

considered.

 Depolarization ratio for 4Pi arrangements. 

         Consider the induced electric dipole moment P that is related to the radiating field E by the

power series:

                                     EEEEEEP Mγβα
6
1:

2
1

++⋅=                                                          (5.9)

α-is the polarizability tensor, β- the hyper polarizability tensor and γ- the second hyper

polarizability tensor. The first order term is responsible for the Rayleigh and Raman scattering

phenomena. The polarizability is a function of the nuclear coordinates. The variation in the

polarizability with vibrations of the molecule can be expressed by expanding each component αij

of the polarizability tensor in a Taylor series with respect to the normal coordinates of vibration, as

follows:
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The, set of linear equations in matrix form for the induced dipole moment is:
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The laboratory coordinate system in general is not coincident with the molecular coordinate

system. The general rotation matrix is defined in terms of Euler angles [8]. Thus, the general

expression of polarizability in the laboratory system becomes:

                                                LjKL
LK

iKij RR ⋅⋅=
−∑ αα

1

,

                                                              (5.12)

Where the R is an Euler matrix. Actually measurements of Raman scattering are performed on a

large number of molecules and orientational averaging occurs. Detection of light intensity and its

interpretation for vibrational band assignments highly depends on the depolarization ratio for a

linearly polarized plane wave  [9]. 
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where ass γγα ,, are rotational invariants  of the scattering tensor (5.11)
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As was shown by Turrell [10] the depolarization ratio observed in Raman microscopy using high-

N.A. objectives is different due to the polarization behavior. To examine the depolarization ratio

for a 4PI scheme of a Raman microscope we will follow Turrell’s approach and take into account

standing wave formation. Hence, for the components of the linearly polarized wave in the focus of

a 4PI microscope and based on (5.4, 5.8) we have:
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Putting (5.14) in expression (5.11) and evaluating it in such a way that the general expression for

the total Raman intensity “ℑ ”(5.15) [10] remains unchanged 
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new values for the coefficients C0,C1,C2 (5.16) can be derived (5.17). The coefficients Cn(5.16)

and A,B (5.18)  were defined by Turrell [10] and depend on the N.A. of the microscope objective

and immersion medium.  
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Thus, for 4Pi microscopy the depolarization ratio for a particular substance can be found from the

general expression (5.15) with modified C-coefficients. The additional factor in (5.17) in general

case is a constant, because the dependence of the imaginary part on the phase difference is

negligible. Thus, in the general case the averaged depolarization ratio is equal to the depolarization

ratio for a single high N.A microscope objective for all type of samples. However, any phase

modulation measurements [11] or additional spatial filtering will require to take the coefficients

(5.17) into account. 

Raman photon flux. 

        Given the large resolution improvement in Raman microscopy the amount of Raman photons

can be significantly less since the excitation and collection volumes are decreased. Luckily, the

spatial energy relocation due to the standing wave phenomenon will give 4 times higher intensity

in the main peak for certain optical path length differences. Here we compare the following

situations: the 4PI case –when 4PI (A) or (C) configurations are used and the confocal case- when

one of the optical paths (or microscope objective) of 4PI(A) or (C) scheme is closed. 

               )(222
4max,

212 ϕϕω −++= tik
rightleftrightleftPI eEEEEE   and leftPI II 44max =                       (5.19)

where Eleft and Eright are the electric field amplitude at the closed right and left microscope

objective respectively. If both objectives would be used for the confocal case then the intensity in

the main peak will be only twice larger. It is obvious from such a case that for a thick sample

(twice larger than the envelope of the main peak) the intensity of Raman scattering for the 4PI case

and confocal case will be the same. The number of Raman scattered photons per second is

proportional to the number of molecules N and the transition probability is given by [12].
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To estimate the expected Raman intensity in a 4-Pi version of a confocal Raman microscope

toluene can be used as a test sample for the theoretical and experimental analysis. The Raman

cross section for the toluene band at 1004 cm-1 is ~ 2,512*10-34 m2/sr [13]. For a volume near the

focus we propose to use a Gaussian intensity distribution in the beam. 
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where 2/1 e
w is beam waist where the intensity drops till 1/e2 level.          

In fig.5.5 the intensity distribution in the common focus in the axial direction for the confocal and

the 4PI case illumination is presented. The two graphs are normalized to their highest peak

intensity although the peak intensity for the 4PI case is higher due to the spatial energy relocation

in the standing wave formed.

Figure 5.5 Excitation distribution for confocal and 4Pi Raman microscope in the axial direction.  The

excitation field distribution in the focus of a confocal microscope(bold) and a 4Pi-configuration. The

intensity distribution along the axial direction is approximated by a Gaussian function. 

Taking into account the density of molecules in the volume (Toluene-density) the number of

molecules in the excitation volume can be calculated dependent on the axial coordinate:

))(()( 2zwzn ρπ= ; for the whole volume N=gV(z)

Thus, the number of Raman scattered photons for the 4Pi case becomes:
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where σ is the cross section for Raman scattering for a given Raman band and at the excitation

wave length of 632 nm. 
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igure 5.6 Number of scattered Raman photons for Raman microscope. Number of scattered Raman

hotons from the excitation volume for confocal (dashed) and 4Pi(bold) configuration. The waves indicate

hat the scattering stems from the central peak (minimum) and several side lobes. The intensity for the 4PI

ase is larger because of the double excitation and collection of Raman emitted photons by oppositely

nstalled microscope objectives, while in the confocal case only one objective is used for this. 

he thin reference line in fig.5.6 shows the case when both microscope objectives are used for

xcitation and collection of Raman scattering without standing wave formation. In such a situation

e will have 2 times photon-gain for the 4Pi scheme, when a material is concentrated only in the

rea of the main peak but in average it will be the same. Using the approach described in chapter 2

e can calculate the collection efficiency for the 4Pi configuration.  
106

igure 5.7 Collection of Raman photons versus size of the pinhole in 4PI (A) Raman microscope.  The

otal amount of photons passed through the confocal pinhole is approximately decreased by a factor 2 for

he main peak. Depending on the collected Raman frequency a different contribution to the total number of

hotons will be produced by side-lobes excitation, due to the optical path difference from the excitation

oint. Thus, the total amount of photons can be either with or without contribution of side-lobes excitation.   
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 Asymmetry for the 4-Pi C Raman microscope. 

 In contrast to the 4Pi fluorescence microscope the 4Pi Raman scattering also contains important

spectral information, which should be detected.  Due to the back-interference, which takes place in

the C-type 4Pi microscope the different optical path differences (OPD) for the different Raman

bands will affect the relative band intensities in the recorded Raman spectrum. Therefore, the best

place to position a sample, which will give the minimal distortion of spectra, should be found.   

       For standing wave formation and back-interference of Raman scattering we use a cubic beam

splitter.  Such a beam splitter works on principles of multiple-beam interference in a thin dielectric

layer. The result of the beam splitting is the following simple phase relation between reflected and

transmitted waves [14]:
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Due to a π/2 phase shift in the beam splitter between reflection and transmission an OPD of “0”

can only be obtained for one central wavelength. For this wavelength the detection PSF is

symmetrical and has its maximum at the same point as the illumination PSF. In practice

fluorescence has a broad emission of approximately 30 nm wide, and in Raman microscopy one is

often interested in a broadband spectrum of approximately 200 nm wide, although the Raman

bands have typically 10-20 cm-1 width which is approximately 30 times narrower than the

fluorescent one. Taking into account the coherence length = λ2/∆λ we can see that for fluorescence

microscopy OPD should be in the range of 12 µm (for λfluor=600 nm and ∆λ= 30 nm), while for

most of the Raman bands it is in the range of 400 µm (λRaman=700 nm and ∆λ=1.2 nm (20 cm-1)).

Here we can see that 4Pi(C) can operate in the fluorescent mode if the OPD is less than 12 µm and

in the Raman mode if the OPD is less than 400 µm. Hence it seems that the 4Pi(C) Raman

configuration is more easy to obtain. However the following estimations show that the OPD for

the Raman 4Pi (C) configuration should be smaller than for the fluorescent one if a full Raman

spectral range is needed.  The NA of the objectives used is assumed to be 1.35 in the simulations

presented in this section. For a 4Pi detection PSF, the signal detected by both objectives should

interfere constructively in the detection path. Thus, to obtain a 4Pi detection PSF, the OPD should

be equal to Nλdet. The λdet is the wavelength from the Raman spectra chosen for 4Pi imaging and N

is an integer number. Due to a phase shift in the beam splitter between reflection and transmission

of λ/2, an OPD of 0 can only be obtained for one central wavelength (λcwl=633nm). For this

wavelength the detection PSF is symmetrical and has its maximum at the same point as the
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illumination PSF. For other wavelengths the maximum of the 4Pi detection PSF will be shifted out

of focus by a phase of:
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This phase shift changes the symmetry of the PSF. 
Figure 5.8 Simulated asymmetric PSF for N = 0

asymmetry causes the PSF to become hard to decon

Due to this phase shift the detection PSF becom

The 4Pi(C) point spread data were simulated. In

the immersion oil is 1.518 and the illumination 

is 700 nm. In figure 5.8 the 4Pi(C) PSF for N =

and lower limits of the bandwidth for different 

                         Table 5.1 Bandwidth for OPD’s of

OPD                  Lower limit           U

0                            344nm                

1 λcwl                     584nm                

2 λcwl                     628nm                

4 λcwl                     662nm                

8 λcwl                     678nm                

It follows from table 5.1 that broadband 4Pi(C)

within 3 wavelengths from the 0 OPD point.
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 (left) and 1(right) over a range of 630-850nm.  The

volve, limiting the bandwidth of the system.

es asymmetric for wavelengths where OPD ≠Nλdet.

 the results presented here, the refractive index of

wavelength (λill) is 633 nm. The value used for λcwl

 0, 1 is shown over a range of 220 nm. The upper

N are shown in table 5.1:

 0,1,2,4 and 8λcwl

pper limit               Bandwidth

      ∞                              ∞

  875nm                        291nm

  787nm                        159nm

  742nm                         80nm

  722nm                         44nm

 Raman microscopy is well possible if the OPD is
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Therefore to get reasonably undistorted Raman spectra the OPD should be within a range of  3λ633.

In fig. 5.9 the intensity drop at the edges from λcwl  (central Raman frequency selected) depending

on the total OPD for 4Pi (C) configuration is shown.

Figure 5.9 Spectral distortion in 4Pi (C) for different OPD. Every component in the system has it own

spectral properties. To obtain a corrected Raman spectrum, usually a white light correction is applied.  The

correction of the Raman spectrum for the 4Pi scheme should be done taking into account the OPD

differences.

Because of these difficulties, appeared in the 4Pi (C) scheme, another solution for side lobes

suppression can be applied, while the spectral properties will remain unchanged in relation to a

confocal Raman microscope.  One of such solutions is to modulate the phase of the incoming

beam in one branch, similar with the zone-plate.  Thus, the axial PSF can be changed and adjusted

for correct superposition with the standing wave. Such a filter, (Toraldo-filter) [15], has been

proposed by M. Martinez-Corral to reduce the side lobes when using a 4Pi (A) scheme.    
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5.3 Results 

             The scheme of the 4Pi Raman microscope is shown in fig.5.10.

As excitation source a He-Ne laser (633 nm) was applied. A cubic beam splitter divides the

amplitude of the incoming beam in half (in practice 45%, 55%). Thus, as drawn in the scheme a

triangular cavity with standing wave inside is formed. Two, opposite installed, microscope

objectives (oil immersion, infinity corrected, N.A.=1.25) are used for excitation and collection of

Raman scattering. About 50% of Raman signal is lost on cubic beam splitter. After the beam

splitter the spectrograph-CCD system described in chapter 2 is used for data acquisition.     

Figure 5.10 Scheme of 4Pi Raman microscope. The published scheme of the 4Pi fluorescence microscope

developed by S.Hell., was taken as basis. The detection part with the confocal pinhole and the

spectrograph-CCD containing system are described in chapter 2.

 

A high precision 3D piezo-scanning stage is used to manipulate the sample.  Both objectives have

precise adjustment screws. One of them has lateral adjustments only, while the other one has also

axial adjustment for combining the focal spots. The first measurement was performed on a glass

slide between two objectives. The interference pattern shown in fig.5.11 is the result of this

measurement. The purpose of these measurements was to obtain an impression about the

alignment of the set up. The interference pattern is formed due to the superposition of the beams

reflected from the glass-air interface. 
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The reflected beams have different OPD, which depend on the interface position between two

objectives. Hence it does not give an answer about standing wave formation between two

objectives, but matching of the two focal spots in one point can be performed in such a way. 

Figure 5.11

The interfer

interface. T

objectives. 

After the a

Because of

cells, a thin

S.Hell), lo

field distri

intensity d

objectives.

sample sym

placed on t

fluorescen

present. Th

and in prac

(fig.5.12). 

Figure 5.12

second cove

symmetry o
 Axial cross section obtained by scanning a glass–air interface through the common focus.

ence pattern is formed due to the superposition of the beams reflected from a glass-air

he reflected beams have a different OPD, which depends on the interface position between two

Ii is visible that two foci do not yet perfectly match. 

lignment of the system and matching of the two foci, the following can be done.

 the high sensitivity of the system, with as purpose Raman measurements of single

 fluorescence layer of dye was measured. The layer thickness was 5 nm (supplied by

cated between two cover glasses. Such a measurement will give an impression about the

bution between the two objectives since the fluorescent sample reacts on the local

istribution. Measurements were performed with immersion oil between the two

 A layer of DODCI (LC6550) was deposited on a thin cover glass (150µm). To keep the

metry and to prevent oil contact with the fluorescent layer another cover glass was

op of the DODCI layer. The axial cross section measured by an axial scan of the

t layer is shown in fig.5.12. It can be seen from this result that some asymmetry is

is asymmetry appeared because of an air layer still present at one side of the sample

tice it looks like an oil-glass(150 µm)-DODCI (5 nm)-air-glass (150 µm)-oil sample

 A 5nm lay

r glass is p

f the 4PI (A
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er of DODCI between two cover glass. Two prevent the oil-DODCI contact the

laced on top of the first one. Some layer of air is remaining that can distort the

) excitation PSF.  
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re 5.13 Axial cross section obtained by scanning of DODCI layer through the common focus.

kness of the layer was 5nm. Step size 10 nm. The non-perfection and asymmetry in 4Pi pattern is due to

efractive index asymmetry in the sample. This asymmetry (Oil-glass-dye-glass-oil) leads to the

rtion of the 4Pi PSF.   

 next step measurements of Raman signal, which should respond to the intensity distribution

een two objectives, were made. These Raman measurements were performed on small

ond particles, because the natural diamond crystals have a very intense Raman spectrum. In

.13 the Raman spectrum of a diamond particle (4 µm) is presented. 

Figure 5.14 Raman spectrum of

diamond particle.  The spectrum

contains one extremely strong band

at 1322 cm-1(C-C stretch band).

Particle size is 4µm. Intensity on the

sample from two objectives was ~8

mW. Acquisition time 1 sec. 

ral diamond particles were dispersed on a glass surface.  As an example in fig.5.15 a Raman

e of diamond beads is presented.  The 2D image was obtained in confocal mode and for

al directions. 
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Figure 5.15 Raman image of diamond particles.  

Diamonds with sizes of 2-4 µm were spread over a glass

surface. The spreading was aimed to create isolated located

particles without clusters. A single particle is selected for

checking the axial response in the 4Pi Raman mode.    

The desirable sample, to check the 4Pi response of Raman scattering, would be a thin (less than 50

nm) layer of material or small particles all of the same size. The measurements on diamond

coatings were unsuccesfull, since the crystal structure changed after the coating procedure had

been applied. The change of the crystal changes the Raman spectrum. Instead of one sharp peak at

1322 cm-1, two broad bands in the region 1200-1400 cm-1 appeared. Their intensities are not

sufficient to provide reasonable signal-to noise ratios at the parameters of the given set up.

Therefore, the smallest possible natural diamond particles were found with sizes from 2 to 4 µm.

By scanning a single bead across the axial direction, the “step response” as was performed by

S.Hell [4] for a thick fluorescent sample was expected.  Based on measurements of the 4Pi PSF,

which was done with a fluorescent sample, the 4PI respons for large objects was simulated. 
113

Figure 5.16 Convolution of 4Pi axial PSF and simulated objects.

The 4Pi PSF was convoluted with modeled objects. The figure shows the “step function” and its derivative.

By taking the derivative the 4Pi PSF can be restored.   



Chapter 5_______________________________________________________________________

This simulation helps to estimate the cross section from a relatively large sample. In fig. 5.16 this

simulation based on experimental results is presented. To bring the simulated situation as close as

possible to the real one, noise has been added to the convolution product. This becomes noticeable

in the derived PSF’s. 

An experimental measurement on a diamond bead of 4 µm size is shown in fig.5.17 (left).  By

taking the derivative from the measured signal (fig.5.16 right), the periodic oscillation of the

Raman signal found appears to be in accordance with the periodicity of the standing wave formed.

The peak to peak distance is 203±15 nm, which is approximately equal to λ633/ 2( diamondglassn , ).

These periodic oscillations show the response of the Raman signal on the formed standing wave

pattern in the focus of the objectives. Hence, this result proves the fundamental possibility of a 4PI

Raman microscope. 
114

Figure 5.17 Intensity behavior of the 1322 cm-1 Raman band. The modulation of the intensity of the

Raman band from a 4 µm diamond particle is due to the 4Pi configuration. In the right part of the figure

the derivative in the region from 7-9 µm of the scan is shown. The period of the oscillation is approximately

equal toλ633/ 2( diamondglassn , ). The combined refractive index of glass-diamond has been taken into account.     

The intensity behavior of the Raman band at 1322 cm-1 is nicely correlated with the simulated

object convolution based on the fluorescent PSF. It is illuminating to see how strong the size of the

object affects the intensity variation across the z-direction. The refractive index asymmetry

observed in a fluorescent sample is also visible in (fig.5.16 left), thus in practice we have (oil-

glass-diamond-air-glass-oil). 
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5.4 Conclusion

4Pi Raman microscopy can dramatically increase the axial resolution. Results obtained for Raman

scattering show the same behavior as for fluorescence 4Pi microscopy, although the Raman

scattering is a much faster process than fluorescence. Thus, the possibility to construct a 4Pi

Raman microscope for non-coherent Raman processes is proven. It was theoretically shown that

the depolarization ratios for 4Pi Raman microscopy are similar to the depolarization ratios for

confocal Raman microscopy. It means that spectral data analysis can be performed in the same

way as for normal Raman microscopy. 

The designed prototype of the 4Pi Raman microscope showed several features that have to be

improved:

- The increase of laser power on the sample will allow to characterize the 4Pi Raman PSF by

applying thin coatings similar to what has been made for fluorescence.

- Before the application of the image deconvolution process [16] 

 the two side lobes should be less than 50% of the main peak.

- The confocal pinhole size can be reduced as a first step to remove the lateral side lobes and

also the Toraldo-filter might be installed in one of the branches of the triangular cavity.

      Other improvements might be made to simplify operation and sample positioning in the 4Pi

microscope. Since the strongest available microscope objectives have been used in the set up, to

decrease the side lobes, free space between the two objectives for sample manipulation is about

300 µm. Oil viscosity has also an affect on precision of sample movement. Relatively large

variations of refractive index could take place in cell imaging. Refraction can distort the axial

resolution.  Thus, application of water immersion objectives for 4Pi Raman microscopy is

desirable. It can be achieved by applying additional filtering of the axial PSF (similar with

Toraldo-filter).     

        The application of a 4Pi Raman microscope to the research on bio-cells and extra cellular

matrix will bring great improvements. There are a lot of interesting objects in the size of about 100

nm, such as collagen fibers, calcium phosphate, polymer pieces after degradation or in drug

delivery systems etc. By applying other excitation wavelengths, for instance 400 nm, the axial

resolution can be as high as 100 nm.   Modern approaches to the combination of one technique

with another can be applied here in the combination of forward Coherent Anti-Stockes Raman

imaging and a 4PI scheme.    
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Chapter 6 

Conclusion and outlook___________________________

CRM

           A confocal Raman microscope suitable for integration with a scanning electron microscope

was designed. Even though it has a compact size and relatively low excitation power due to the

application of a diode laser ( λ~685 nm ), the microscope has very good parameters like:

sensitivity, average spectral resolution about 0.9 cm-1, lateral resolution about a 600 nm and axial

resolution of ~2.5 µm (FWHM). The flexible and simple scheme of the CRM allowed us to

integrate it easily with an electron microscope. The CRM can work in combination with the SEM

(Philips-“525”), ESEM Fei-xl30 or as a stand-alone set up. The low intensity excitation and high

efficiency of the CRM allows to perform Raman micro-spectroscopy or imaging of biological

samples like a single cell.

        However, such low intensity applications approach the edge of its possibilities.  Several

improvements still can be added to increase the sensitivity and the reliability of the obtained data

for low light level application. Better characteristics of the interference filter will increase the

maximum of the power achieved on the sample. Improved properties of the intensity distribution

in the laser beam profile will allow to concentrate the laser power on the sample more efficiently.

More efficient components will decrease the losses on reflection from the optical interfaces.

Cooling the CCD to a lower temperature will increase the signal-to-noise ratio. 

SEM(ESEM)-CRM

        A combined scanning electron microscope and a confocal Raman microscope have been

designed and implemented. Many different possibilities were analyzed before the final choice for a

SEM-CRM scheme was made. The parallel analysis by SEM-CRM has the following advantages:

such a scheme leaves all properties of SEM and CRM unchanged, it is a flexible method and can

be applied in many other electron microscopes. The disadvantage of such a scheme is that the

sample must be moved from the e-gun towards the microscope objective for Raman analysis. This

works reliably when no vibration or an independent sample movement occurs for unpredictable

reasons. In this respect the co-axial and co-directed configurations would have an advantage,

because the sample can then be constantly monitored by light and secondary electron imaging



118

simultaneously. However, such a scheme is much more expensive to construct the CRM and a

unique optical design is needed for different electron microscopes.

       More modern systems such as the ESEM XL30 have an advanced performance, which allows

to use thinner conducting coatings on a specimen. This improvement also gives rise to increased

intensity of Raman signal from the sample. The described differences in the foundations of the

image formation help to develop a particular algorithm for better data correlation between the

Raman and the electron microscope measurements. 

Application to tissue engineering 

The set up allows to determine qualitatively and quantitatively the molecular composition of

PolyActives. Estimation of the molecular composition, based on analyses of the high frequency

Raman region, gives 5-10% accuracy depending on the degree of polymerization. These results

can be used for instance to study 1000PEGT70PBT30 polymer after longer than 12 weeks of

degradation. The accuracy might be improved by using the other Raman peaks in low and high

frequencies Raman regions and by analysis of mutual bands behavior. The results of the

assignments allow to perform a screening of bioprocesses and of chemical changes which can

occur during implantation, provided such changes are of a sufficient degree. A calcification of

some pieces of polymers after implantation in animal was found by SEM and confirmed by CRM

in the combined version. The determination of the local molecular composition of a sample

becomes important at high complexity of the degradation process.  

         The results obtained by ESEM-CRM demonstrate also the ability to perform Raman imaging

in the ESEM.       

        The results on the sample treatment by hydrogen peroxide show that all the collagen bands

remain unaffected. However, the influence of this treatment on other organic components should

be studied. Especially it is important for the analysis of bone tissue formation on prosthetic devices

made of PolyActive materials.    

4PI Raman Microscope

        4Pi Raman microscopy can dramatically increase the axial resolution (about 150 nm

(FWHM) for λ=633 nm). Results obtained for Raman scattering show the same behavior as for

fluorescence 4Pi microscopy. Thus, the possibility to construct a 4Pi Raman microscope for non-

coherent Raman processes is proven. It was theoretically shown that the depolarization ratios for

4Pi Raman microscopy are similar to the depolarization ratios for confocal Raman microscopy. It
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means that spectral data analysis can be performed in the same way as for confocal Raman

microscopy. 

The designed prototype of the 4Pi Raman microscope showed several features that have to be

improved:

- The increase of laser power on the sample will allow to characterize the 4Pi Raman point

spread function by applying thin coatings similar to what has been made for fluorescence.

- Before the application of the image deconvolution process

             the two side lobes should be less than 50% of the main peak.

- The confocal pinhole size can be reduced as a first step to remove the lateral side lobes and

also the Toraldo-filter might be installed in one of the branches of the triangular cavity.

      Other improvements might be made to simplify operation and sample positioning in the 4Pi

microscope. Since the strongest available microscope objectives have been used in the set up, to

decrease the side lobes, free space between the two objectives for sample manipulation is about

300 µm. Oil viscosity has also an affect on precision of sample movement. Relatively large

variations of refractive index could take place in cell imaging. Refraction can distort the axial

resolution.  Thus, application of water immersion objectives (or possibly dry objectives) for 4Pi

Raman microscopy is desirable. It can be achieved by applying additional filtering of the axial

point spread function (similar with Toraldo-filter).     
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Summary

               The combination of two widely used scientific instruments, such as a SEM and a CRM,

allows to investigate a sample more efficiently. The results on tissue engineering topics show the

usefulness of a combined set up. It is possible to see that data only from SEM could be not enough

to fully characterize the changes in the sample. In combination with the SEM “525” only the

spectral data were available, while in combination with the ESEM “XL 30” also the Raman

imaging mode is available. As was shown in chapter 4 no of the available detectors in ESEM, i.e.

X-ray detector, backscatter detector and secondary electron detector can identify the presence of

material under the cellular layer, while it is possible to do so by CRM. From the other side a high

resolution SEM image allows to identify small particles of calcium phosphate and collagen

structures. Spatial resolution of a white light microscope does not allow to resolve the highly

complicated morphology of extra cellular matrix for example, while a SEM can nicely perform so.  

        Since the combined ESEM-CRM operates with the non-living samples a higher laser power

would make an investigation more reliable and convenient, without additional sample destruction.

Therefore the measurement time for Raman micro-spectroscopy and Raman imaging can be

decreased. Because of the higher laser power conducting coatings can be used on the sample to

improve the resolution of the SEM and to prevent charging of the sample, which would cause

some artifacts in the image.  

       The application of SEM-CRM will be useful and efficient in any area of science where

morphological and chemical changes take place and especially on a micrometers scale. 

       The application of a newly developed prototype of the 4Pi Raman microscope to the research

on bio-cells and extra cellular matrix will bring great improvements in 3D imaging of transparent

samples. There are a lot of interesting objects in the size of about 100 nm, such as collagen fibers,

calcium phosphate, polymer pieces after degradation or in drug delivery systems etc. By applying

other excitation wavelengths, for instance 400 nm, the axial resolution can be as high as 100 nm.

Modern approaches to the combination of one technique with another can be applied here in the

combination of forward Coherent Anti-Stokes Raman (CARS) imaging and a 4PI scheme.  Further

developments in spatial filtering of the 4PI excitation point spread function will allow to use a high

N.A. dry microscope objective. Therefore looking further, a combined CARS 4PI Raman

microscope with SEM or TEM will be a logical step towards future scientific instruments.   
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Samenvatting

          De combinatie van twee breed toegepaste wetenschappelijke instrumenten, zoals de SEM en

de CRM, geeft de mogelijkheden om een sample efficienter te onderzoeken. De resultaten bhealld

in het gebied van tissue engineering toont het nut van een gecombineerde setup. Het is duidelijk

dat alleen de data van de SEM niet genoeg zijn om de veranderingen in het sample volledig te

characteriseren. In combinatie met de SEM “525” was er alleen spectrale data beschikbaar, terwijl

in combinatie met de ESEM “XL 30” ook de Raman imaging mode beschikbaar was. Zoals

aangetoond in hoofdstuk 4, geen van de beschikbare detectoren in ESEM (bijv. Röntgen,

backscatter detector, secondary electron detector) is in staat om de aanwezigheid van materiaal

onder de cellulaire laag te identificeren, terwijl dit wel kan in CRM. Aan de andere kant geeft een

hoge resolutie SEM image de mogelijkheid om kleine deeltjes calciumfosfaat en collageen

structuren te identificeren. De spatiele resolutie van een wit licht microscoop stelt ons niet in staat

om de zeer complexe morfologie van een extra cellulaire matrix op te lossen, terwijl een SEM dit

zeer goed kan.

         Omdat de gecombineerde ESEM-CRM werkt met niet levende samples, zou een hoger laser

vermogen een image meer betroubaar maken en het verkrijgen ervan vergemakkelijken, zonder

extra schade aan het sample. De meettijd voor Raman micro-spectroscopie en Raman imaging kan

verkort worden. Bij het hogere laser vermogen is het mogelijk nuttig om geleidende coatings op

het sample aan te brengen om de resolutie van SEM te verbeteren en accumulatie van lading, en

daarmee de vorming van artifakten, tegen te gaan.

         De toepassing van SEM-CRM zal nuttig en efficient zijn in wetenschappelijke domeinen

waar chemische en morfologische veranderingen een rol spelen, in het bijzonder op de micrometer

schaal.

          De toepassing van het nieuw ontwikkelde prototype van de 4Pi Raman microscoop op het

onderzoek van biologische cellen en de extracellulaire matrix zal grote vooruitgang brengen in de

3D imaging van tranparente samples. Er zijn veel interessante objecten in de grootteorde van

100nm, zoals collageen fibers, calciumfosfaat, polymeerdeeltjes na degradatie of in drug delivery

systems, etc. Door de toepassing van andere excitatie golflengtes, bijvoorbeeld 400nm, kan een

axiale resolutie van 100nm behaald worden. Moderne benaderingen van de combinatie van

verschillende technieken kan hier toegepast worden in de combinatie van forward Coherent Anti-

Stokes Raman (CARS) imaging en een 4Pi systeem. Verdere ontwikkeling in het spatieel filteren

van de 4Pi excitatie pointspread functie zal de toepassing van een “droog” hoge NA objectief

toestaan. Vooruitkijkend zal de combinatie van een CARS 4Pi Raman microscoop met een SEM

of TEM een logische stap zijn naar toekomstige wetenschappelijke instrumenten. 


