Chapter 7- Components of Optical Instruments

A: General Designs of Optical Instruments:

Spectroscopic instruments that were developed for use in the visible region are optical instruments.  Optical spectroscopic methods are based upon six phenomena namely, (1) absorption, (2) fluorescence, (3) phosphorescence, (4) scattering (5) emission, and (6) chemiluminescene.  Although the instruments for measuring each differ somewhat in configuration, most of their basic components are remarkably similar.

Typical spectroscopic instruments contain five components: (1) a stable source of radiant energy, (2) a transparent container for holding the sample, (3) a device that isolates a restricted region of the spectrum for measurement, (4) a radiation detector that converts radiant energy into a signal detector, (5) a signal processor and readout.
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· Power Source: spectrochemical encoding system

· Sample: must be in form suitable for analysis, may involve a separation or speciation

· Sample cell: cuvette for UV-VIS, flame for atomic spectroscopy

· Wavelength Disperser: an information sorting system, spreads light out spatially according to its wavelength

· Photodetector: radiation transducer changing optical info into electrical info

· Readout: digital (ADC), meter, strip chart recorder

Absorption-

In atoms, electron transitions of outer-shell electrons correspond to the absorption or emission of electromagnetic radiation that is in the ultraviolet and visible regions.  Because vibrational and rotational energy levels are not possible in atoms, the absorption and emission of radiation that occurs in molecules when an electron travels between the numerous vibrational and rotational energy states of one electron level are not possible.  Only a single transition between each set of electron levels is possible.  As a consequence, the bands of emitted or absorbed radiation are narrow in atoms.

In flames, absorptive bandwidths of atoms typically vary from about 0.001 to 0.01nm. The narrow bands of absorbed or emitted radiation that are observed with atoms are referred to as spectral lines.

Fluorescence-

The absorption of energy from a radioactive source by atoms can result in atoms in an excited electron level.  Atomic fluorescence occurs when the excited atoms emit radiation after initially being excited by absorption of photons.  Energy is absorbed from a radioactive source by the atoms prior to fluorescence. In nearly every case, the initial absorption takes place from the ground state of the atom.  Rather than measuring the decreased intensity of the exciting radiation as a result of absorption, the intensity of the emitted (fluoresced) radiation is measured, There are four major categories of atomic fluorescence, (1) Resonant fluorescence, (2) Direct-line fluorescence, (3) Stepwise fluorescence, (4) Anti-Stokes fluorescence.

Resonant fluorescence: Occurs when the fluoresced radiation is of the same wavelength as the absorbed radiation.  Resonant fluorescence is the type that is used most often for quantitative analysis.

Direct-line fluorescence: Occurs when an electron in an excited state emits radiation upon falling, to an electron level that is above the level that is above from which the electron originally absorbed radiation.  The wavelength of the emitted radiation is longer than the wavelength of the absorbed radiation.

Stepwise fluorescence: is preceded by absorption and collision deactivation to a lower excited electron level.  Fluorescence occurs when the atom emits a photon as the electron or by collision deactivation.

Stokes fluorescence: Is fluorescence in which the fluoresced radiation has a wavelength that is greater than the absorbed radiation.  Further loss of energy to the around state can occur either by emission of another photon or by collision deactivation.

Anti-stokes fluorescence: It is a form of fluorescence in which the emitted radiation has a shorter wavelength than the absorbed radiation.  A fifth type of fluorescence can also occur. After an atom becomes electronically excited by absorption, the excited atom transfers some or all of its energy to an atom of a different element.  Atomic fluorescence of that type, which is rarely encountered, is sensitized fluorescence.

Phosphorescence-

Excitation during both fluorescence and phosphorescence occurs when radiation is absorbed by an electron in the ground state of a molecule causing the electron to be excited to a higher electron state.  During the absorption the electron does not reverse its spin.  Generally excitation occurs from a singlet ground state to an excited singlet state.

Normally the excited molecule rapidly loses energy through radiation-less processes such as vibrational relaxation and internal conversion until it arrives at the lowest vibrational level of the first excited singlet state.  Fluorescence occurs if the excited electron returns to the around state while simultaneously emitting radiation that is equivalent in energy to the energetic difference be in the excited and the -round states.  The electron does not change its spin during the transition.  While still in the excited state, it sometimes is possible for either the unpaired -round-state electron to reverse its spin.  In that instance, the excited electron has a spin that is identical to that of the unpaired electron in the ground state.  A molecule with an unpaired electron in an excited level that has a spin that is identical to that of another unpaired electron in the molecule is in a triplet state.  In the triplet state, the total electron spin for the molecule is 1 not 0 as it is in the singlet state,

According to Hund's rule, the energy of a molecule that contains two electrons with identical spins is less than that of a molecule with electrons in the same orbital and with opposite spins.  Because of the energetic difference between opposite spinning electrons in the same molecular orbital, a molecule in a triplet state has less potential energy than the corresponding molecule in a sin-let state.  Nevertheless, one of the excited vibrational levels of the first excited triplet state is possible.  Phosphorescence occurs when an electron in an excited triplet state relaxes to the ground singlet state while emitting radiation.

The transitions between the excited singlet state and the excited triplet state or between the excited triplet state and the ground singlet state are examples of intersystem crossing.  The considerable barrier to spin reversal that exists in a molecule prevents intersystem crossing from occurring, as rapidly as singlet transitions.  Because of that barrier, phosphorescence occurs on a much longer time scale than fluorescence.

Scattering-

Radioactive Scattering is the change in direction of motion of an incident photon as it strikes a particle of the sample.  Usually the change in direction is random or nearly random.  Radiation scattering can occur as the result of several mechanisms.  The three types of scattering that are of most concern in analytical chemistry are Tyndall scattering, Rayleigli scattering, and Raman scattering.

Tyndall Scattering:
Tyndall Scattering occurs when radiation is passed through a colloidal or turbid solution.  The diameters of the scattering particles in the solution are approximately as large as the wavelength of the scattered radiation.  Visible light is scattered when the diameter of the particles is between about 10 and 1000nm.  The mechanism by which Tyndall Scattering occurs includes a complex combination of reflection, internal reflection from within the particles, diffraction, and refraction.  The wavelength of the scattered radiation is identical to that of the incident radiation.  'I'yndall Scattering is primarily used for quantitative analysis.  The intensity of the scattered radiation increases with increasing concentration of the scatter.

Rayleigh and Raman Scattering:
Rayleigh and Raman Scattering- occur when the dimensions of the particles that cause the scattering are small in comparison to the wavelength of the incident radiation.  Dissolved particles can result in Rayleigh and Raman scattering.  Raleigh-scattered radiation occurs at the same wavelength as that of the incident radiation.  The change in wavelength between that of incident and scattered radiation corresponds to the difference between the vibrational and rotational levels within the scattered, and can be used for qualitative analysis of the scattered in a manner similar to that in which infrared absorptive spectra are used.

A type of Raman Spectrometer: FRA 106/S Spectrometer
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Emission-

Emission of ultraviolet-visible radiation from atoms and monatomic ions occurs when the atom or the ion in an excited electron state loses energy by changing to a lower energy electron state.  The emitted radiation can be monitored and used for either qualitative or quantitative analysis.  

Chemiluminescence-

Chemiluminescence occurs after excitation of a molecule or ion by the energy emitted during the chemical or biochemical reaction in which the excited species is a product.  In many cases, the chemical excited energy level of a molecule is identical to the energy level that could be attained by absorption of electromagnetic radiation.  In some molecules, however, the excited levels are not identical.

Chemiluminescence can occur in the ultraviolet, visible, or near-infrared regions.  The majority of chemiluminescent reactions occur in the visible region.  Bioluminescence (BL) is chemiluminescence that occurs in biological systems.  Perhaps the best-known example of bioluminescence is that which occurs when fireflies emit light.

Typical spectroscopic instruments contain five components, (1) a stable source of radiant energy, (2) a transparent container for holding the sample, (3) a device that isolates a restricted re-ion of the spectrum for measurement, (4) a radiation detector, which converts radiant energy to a usable signal (usually electrical), and (5) a signal (usually electrical), and (5) a signal processor and readout, which displays the transduced signal on a meter scale, a cathode-ray tube, a digital meter, or a recorder chart.

Emission spectroscopy and chemiluminescence spectroscopy differ from the other types in the respect that no external radiation source is required the sample itself is the emitter.  In emission spectroscopy, the sample container is an arc, a spark, or a flame, which both holds the sample and causes 10 emit characteristic radiation.  In chemiluminescence spectroscopy, the radiation source is a solution of the analyte held in a -lass sample holder.  Emission is brought about by a chemical reaction in which the analyte is directly or indirectly involved.  The figure below summarizes the characteristics of all the components shown below with the exception of the signal processor and readout. It is clear that instrument components differ in detail, depending upon the wavelength region within which they are to be used.  Their design also depends on whether the instrument is to be used primarily for qualitative or quantitative analysis and whether it is to be applied to atomic or molecular spectroscopy.  Nevertheless, the general function and performance requirements of each type of component are similar, regardless of wavelength region and application.

B: Sources of Radiation:

For an instrument to be suitable for spectroscopic studies, a source must generate a beam of radiation with sufficient power for easy detection and measurement.  However, the outer power should be stable for reasonable periods.  A regulated power source is often needed to provide the required stability.

Alternatively, the problem of source stability is circumvented by double-beam designs in which the ratio of the signal from the sample to that of the source in the absence of sample serves as the analytical parameter.

Requirements:

Sufficient power

Stability over long periods of time

Voltage regulation required as radiant power varies exponentially with voltage 

	Continuum Sources 

	Ar Lamp 
	VAC UV 

	Xe Lamp 
	VAC UV, UV-VIS 

	H2 or D2 Lamp 
	UV 

	Tungsten Lamp 
	UV-Near IR 

	Nernst Glower 
	UV-VIS-Near IR-IR 

	Nichrome Wire 
	Near IR-Far IR 

	Globar 
	Near IR-Far IR 

	Hollow Cathode Lamp 
	UV-VIS 

	Lasers 
	UV-VIS-Near IR 


Line Sources 

Na and Hg vapor lamps 

Hollow cathode lamps

Electrode less discharge lamps
Laser Sources: Light Amplification by Stimulated Emission of Radiation
Continuous Sources-
Continuous sources find widespread use in absorption and fluorescence spectroscopy.  For the ultraviolet re-ion, the most common source is the deuterium lamp.  High-pressure, air-filled arc lamps containing argon, xenon, or mercury serve when a particularly intense source is required.  For the visible region of the spectra, the tungsten filament lamp is used almost universally.  The common infrared sources are inert solids heated to 1500 to 2000k, a temperature at which the maximum radiant output occurs at 1.5 to 1.9um.

Line Sources-

Sources that emit a few discrete lines find wide use in atomic absorption spectroscopy, atomic and molecular fluorescence spectroscopy, and Raman spectroscopy (refractometry and polarimetry also employ line sources).  The familiar mercury and sodium vapor lamps provide relatively few sharp lines in the ultraviolet and visible regions, and are used in several spectroscopic instruments.

Lasers-
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Laser is an acronym for light amplification by stimulated emission of radiation. A laser is a device that emits hi h-intensity coherent (in-phase) radiation over a narrow (typically 0.001 to 0.0 I nm) bandwidth.  The high intensity and narrow bandwidth of radiation that is emitted from a laser makes it a nearly ideal source for AFS at those wavelengths for which lasers are available.

The first laser was the ruby laser.  It is described in order to illustrate the manner in which lasers function.  Ruby consists of crystalline Al (III) into which CR (III) has been substituted for some of the AI (III).  The presence of CR (III) imparts the red color to a ruby.  The ruby laser is constructed by placing a ruby rod at one focus of a reflective elliptical cavity.  The second focus is occupied by a flash lamp that emits high intensity continuous radiation in the region that can electronically excite chromium in the crystal.  The ruby rod is the medium.  In some ruby lasers, two flash lamps are placed at the two outer foci of a double elliptical cavity and the ruby rod is placed at the center focus.  The elliptical design causes radiation from the flash lamp to be focused on the rod.

Schematic representation of a typical laser source:
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The heart of the device is a lasing medium.  It may be a solid crystal such as ruby, a semiconductor such as -gallium arsenide, a solution of an organic dye, or a gas such as argon or krypton.  The lasing material is often activated or pumped by radiation from an external source so that a few photons of proper energy will trigger the formation of a cascade of photons of the same energy.  Pumping can also be carried out by an electrical current or by an electrical discharge.  Thus, gas lasers usually do not have the external radiation source shown in figure 6-3; instead, the power supply is connected to a pair of electrodes contained in a cell filled with the gas.  A laser normally functions as an oscillator, or a resonator, in the sense that the radiation produced by the lasing action is caused to pass back and forth through the medium numerous times by means of a pair of mirrors as shown.  Additional photons are generated with each passage, thus leading to enormous amplification.

Mechanism of Laser Action:

Laser action can be understood by considering the four, processes (a) Pumping, (b) spontaneous emission (fluorescence), (c) stimulated emission, and (d) absorption.

PUMPING.

Pumping, which is necessary for laser action, is a process by which the active species of a laser is excited by means of an electrical discharge, passage of an electrical current, or exposure to an intense radiant source.  During- pumping, several of the hi-her electronic and vibration energy levels of the active species will be populated. One molecule can be promoted to an energy state E"; the second is excited to the slightly higher vibrational level Ev""- The lifetime of excited vibrational states is brief, and after 10-13 to 10-15 S relaxation to the lowest excited vibrational level. Some excited electronic states of laser materials have lifetimes considerably longer (often 1 ms or more) than their vibration counterparts; long-lived states are sometimes termed meta-stable as a consequence.

SPONTANEOUS EMISSION:

A species in an excited electronic state may lose all or part of its excess energy by spontaneous emission of radiation.  This process is depicted in the diagrams shown in figure 6-4.  It is important to note that the instant at which emission occurs and the path of the resulting photon vary from excited molecule to excited molecule because spontaneous emission is a random process; thus, the fluorescent radiation produced by one of the particles in diagram (b I) differs in direction and phase from that produced by the second particle.  Spontaneous emission, therefore, yields incoherent monochromatic radiation

STIMULATED EMISSION:
Stimulated emission, which is the basis of laser behavior, is depicted in figure 6-4c.  Here, the excited laser particles are struck by photons having precisely the same energies (Ev-E) as the photons produced by spontaneous emission.  Collisions of this type cause the excited species to relax immediately to the lower energy state and to simultaneous emit a photon of exactly the same energy as the photon that stimulated the process.  More important, the emitted photon travels in exactly the same direction and is precisely in phase with the photon that caused the emission.  Therefore, the stimulated emission is totally coherent with the incoming radiation.

ABSORPTION:
The absorption process, which competes with stimulated emission, is depicted in figure 6-4d.  Here, two photons with energies exactly equal to (Ey - Ex) are absorbed to produce the meta-stable excited state shown in diagram (3); note that the state shown in diagram (3) is identical to that attained in diagram a (3) by pumping.
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FIGURE 6-5 Passage of radiation through (a) a non-inverted population and (b) an inverted population.
Examples of Useful Lasers:

Solid State Lasers.  Nd:YAG is the most widely used solid-state lasers.  It consists of neodymium ion in a host crystal of yttrium aluminum garnet.  It’s a four-level laser, which makes it easier to achieve inversion.

Gas Lasers.  Four types: 1) neutral atom lasers such as He/Ne; 2) ion lasers in which the active species is Ar+ or Kr+; 3) molecular lasers in which the lasing medium is CO2 or N2; and 4) eximer lasers.  Eximer lasers contain a gaseous mixture of helium, fluorine, and one of the rare gases argon, krypton, or xenon.  An electrical current electronically excites the rare gas whereupon it reacts with the fluorine to form excited species such as ArF, KrF, or XeF, which are called eximers because they are stable only in the excited state.

Dye Lasers.  They are important in analytical chemistry because they are tunable over a range of 20 to 50nm.  Dye lasers are four-level systems.  Unlike other lasers, the lower energy level for laser action is not a single energy but a band of energies that arise from the superposition of a large number of closely spaced vibrational and rotational energy states upon the base electronic energy state.

Semiconductor Diode Lasers.  Laser diodes are products of modern semiconductor technology.  

C: Wavelength Selectors:

Filters-
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Interference Filters.  They rely on optical interference to provide narrow bands of radiation.  It consists of a transparent dielectric that occupies the space between two semitransparent metallic films.  They are available with transmitter peaks throughout the ultraviolet region and visible regions and up to about 14(m in the infrared.

Interference Wedges.  An interference wedge consists of a pair of mirrored, partially transparent plates separated by a wedge-shaped layer of a dielectric material.  They are available for the visible region, the near-infrared region, and for several parts of the infrared region.  They can serve in place of prisms or gratings in monochromators.

Absorption Filters.  They are generally less expensive than interference filters and are widely used for band selection in the visible region.  They function by absorbing certain portions of the spectrum.  The most common type consists of colored glass or of a dye suspended in gelatin and sandwiched between glass plates.  The former have the advantage of greater thermal stability.

Monochromators- one color - pass a narrow band of wavelengths.

The SURE_SPECTRUM is an imaging spectrograph and scanning monochromator that features dual exit ports for maximum flexibility.
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View of inside of monochromator:
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For many spectroscopic methods, it is necessary or desirable to be able to vary the wavelength of radiation continuously over a considerable ran-c.  This process is called scanning- a spectrum.

Monochromators are designed for spectral scanning. Monochromators for ultraviolet, visible, and infrared radiation are similar in mechanical construction in the sense that they employ slits, lenses, mirrors, windows, and -ratings or prisms.

COMPONENTS OF MONOCHROMATORS:

The optical elements found in all monochromators, which include (1) an entrance slit that provides a rectangular optical image, (2) a collimating- lens or mirror that produces a parallel beam of radiation, (3) a prism or a grating that disperses the radiation into its component wavelengths, (4) a focusing element that reforms the image of the slit and focuses it on a planar surface called a focal plane, and (5) an exit slit in the focal plane that isolates the desired spectral band.  In addition, most monochromators have entrance and exit windows, which are designed to protect the components from dust and corrosive laboratory fumes.  Two types of dispersing elements are found in monochromators: reflection gratings and prisms. For the grating monochromator, angular dispersion of the wavelengths results from diffraction, which occurs at the reflective surface; for the prism, refraction at the two faces results in angular dispersal of the radiation.
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Prism Monochromators-

Can be used to disperse ultraviolet, visible, and infrared radiation.

1) Dispersing prisms: separation of wavelengths due to differences in index of refraction of the glass in the prism with each different wavelength. This leads to constructive and destructive interference.

Dispersion is angular (nonlinear). Single order is obtained. The larger the focal length, the better the dispersion.

2) Reflecting prisms: designed to change direction of propagation of beam, orientation, or both

3) Polarizing prisms: made of birefringent materials

Grating Monochromators-

Can be considered as a set of slits at which diffraction occurs and destructive/constructive interference occurs that yields a diffraction pattern. Grooves patterns are now generated by machine. They are manufactured by ruling a piece of glass or metal. 

1) Transmission grating: by directing a polychromatic beam through it, dispersion of ultraviolet, visible, and infrared radiation can be brought.

2) Reflection grating- used essentially for the same reason as transmission but is more common than transmission.

3) Replica grating: used most in monochromators; manufactured from a master grating.  Laying down a polymer film over it to copy the groove pattern produces them. Replicas are what are actually used in instruments due to the great difficulty and cost of achieving high quality gratings.

The Echellette Grating-

It is grooved or blazed such that it has relatively broad faces from which reflection occurs and narrow unused faces.  Each of the broad faces can be considered to be a point source of radiation. 
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Multiple orders are obtained. Each successive order is less intense.
Dispersion is linear, Dl = [image: image9.png]
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Reciprocal linear dispersion, Rd or D-1 = 1 / D l 

Grating Law
  n [image: image12.png]


 = d(sin i + sin r)




  

+ for positive orders, - for negative orders

Example:


 
Let i=10o, d= 1693 nm (590 grooves/mm)



Find r for 400 nm in the first order:



(-1) (400) = 1693 (sin 10o - sin r)




sin r = 0.407



  
   r  = 24.2o
Note: will get same answer for l= 200 nm, -2nd order or for
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        = 100nm, -4th order

Therefore use filter or Echelle mount to sort wavelengths


Types of Mounts 

1) Littrow: auto-collimating 

2) Czerny-Turner: two mirrors used to collimate and focus
[image: image14]
3) Fastie-Ebert: single mirror used to collimate and focus

4) Rowland Circle: used in polychromators

· Echelle: uses prism to sort orders from a grating

Performance Characteristics
1. Resolving power, R = [image: image15.png]
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= n N
where n = diffraction order and N = # lines of the grating illuminated from the entrance slit. Therefore depends on

1) Physical size of dispersing element

2) Order of hv being observed


To get better resolution either

1) Increase N (costs $$$)

2) Increase n (cost now is in lessened intensity)

If R = 100 Poor quality
If R = 106 High quality

Number of orders detectable is proportional to N
Higher orders yield greater resolution but poorer intensity.
The quality of the slits is also important.
Some light is also lost in reflection (n = 0, zero order)

2. Reciprocal Linear Dispersion Rd or D-1 =1/D l, nm/mm
# of wavelength intervals (e.g., nm) contained in each interval of distance (e.g., mm) along the focal plane
The lower the value of Rd, the better
3. f/Number
Measure of the light gathering power of the monochromator that emerges from the entrance slit
f = F / d 

where F = focal length of the collimating mirror or lens and d = diameter of collimating mirror or lens
The light-gathering power of an optical device increases as the inverse square of the f/number, therefore an f/2 lens gathers four times more light than an f/4 lens.
The f/numbers of many monochromators lie in the 1 to 10 range. 

Slits 

Slits are used to limit the amount of light impinging on the dispersing element as well as to limit the light reaching the detector.
There is a dichotomy between intensity and resolution. 

	
	Wide slits
	Narrow slits

	Throughput 
	High 
	Low 

	Resolution 
	Low 
	High 

	Quant 
	Good 
	Poor 

	Qual 
	Poor 
	Good 


Atomic lines are not infinitely narrow due to types of broadening 

1) Natural

2) Doppler:

3) Stark

4) Collisional broadening


The use of entrance and exit slits convolutes this broadening as a triangular function - the slit function.
Spectral bandpass, s, is the width at half-height of the wavelength distribution as passed by the exit slit




s = Rd W

where Rd is the reciprocal linear dispersion and W is the slit width.

The slit-width-limited resolution   s is




   = 2s = 2 Rd W

Example:


Let 
Rd = 2 nm/mm



w = 0.1 mm (100  m)



s = (2 nm/mm) (0.1 mm) = 0.2 nm

D: Sample Containers

Sample containers are required for all spectroscopic studies except emission spectroscopy.  In common with the optical elements of monochromators, the cells or cuvettes that hold the samples must be made of material that passes radiation in the spectral region of interest.  Quartz or fused silica is required for work in the ultraviolet re-ion (below '150 nm); both of these substances are transparent in the visible region and up to about 3um in the infrared re-ion as well.  Silicate glasses can be employed in the region between 350 and 2000nm.  Plastic containers have also found application in the visible re-ion.  Crystalline sodium chloride is the most common substance employed for cell windows in the infrared region.

Must be made of material that is transparent to the spectral region of interest 

	Spectral
Region
	Material

	UV
	Fused silica

	VIS
	Plastic, glass

	NaCl
	IR


E: Radiation Transducers

Ideally:

High sensitivity

High S/N

Constant response over range of wavelengths

Fast response

Zero output in absence of illumination

Electrical signal directly proportional to radiant power 

Photomultiplier Tubes:
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1. Sensitivity: Significantly more sensitive than simple phototube
2. Process of Multiplication: Electrons emitted from cathode surface and accelerated towards dynode (each successive dynode is 90 V more positive than preceding dynode
3. Construction

· Photocathode: made of alkali metals with low work functions

· Focusing electrodes

· Electron multiplier (dynodes) amplification by factor of 106 to 107 for each photon

· Electron collector (anode)

· Window: borosilicate, quartz, sapphire, or MgF2


4. Features fast response time and low noise
5. Spectral response

· Depends on photocathodic material

· Conversion efficiency varies

· Lower cutoff determined by window composition

· Dark Current: flows in the absence of light

1. Ohmic leakage: I=V/R nothing is a perfect insulator

2. Radioactivity: Potassium-40, cosmic rays

3. Cold-field emission: electric field has finite potential to cause an electron to be ejected

4. Thermionic emission: energy available since PMT is not at absolute zero (0 K)

5. External noise sources are of course multiplied by the PMT. 

Array Detectors

A. An "electrical photographic plate"

B. Detect differences in light intensity at different points on their photosensitive surfaces

C. Fabricated from silicon using semiconductor technology

D. Originally conceived as television camera sensing elements

E. Placed at focal plane of polychromator in place of the exit slit

F. Sensitive for detection of light in 200-1000 nm range

G. Major advantage is simultaneous detection of all wavelengths within range

H. Types

· SIT : silicon intensifier target

· PDA : photodiode array

· CCD : charge-coupled device

· CID : charge injection device

Silicon Photodiodes [image: image19]
A. Crystalline silicon is a semiconductor. Remember: Group IVA ; 4 valence electrons.

B. Thermal agitation liberates electrons from crystal lattice producing positive and negative holes

C. Dopants

A. Group VA: As to create negative holes (n-type)

B. Group IIIA: Ga to create positive hole (p-type)

D. Apply electric bias

A.  forward-biased: allows current to flow

B. reverse-biased: nonconductive depletion layer formed

E. UV and visible photons are sufficiently energetic to create additional n- and p-holes in depletion layer resulting conductivity is measured and is directly proportional to radiant power 

Photodiode Arrays (PDA)
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A. Usually 1-3 cm long; contains a few hundred photodiodes (256 - 2048) in a linear array 
B. Partitions spectrum into x number of wavelength increments
C. Each photodiode captures photons simultaneously
D. Measures total light energy over the time of exposure (whereas PMT measures instantaneous light intensity)
E. Process

A. Each diode in the array is reverse-biased and thus can store charge like a capacitor

B. Before being exposed to light to be detected, diodes are fully charged via a transistor switch

C. Light falling on the PDA will generate charge carriers in the silicon which combine with stored charges of opposite polarity and neutralize them
D. The amount of charge lost is proportional to the intensity of light

F. Amount of current needed to recharge each diode is the measurement made which is proportional to light intensity
G. Recharging signal is sent to sample-and-hold amplifier and then digitized
H. Array is however read sequentially over a common output line
I. Use minicomputer to handle data
J. Disadvantages

A. must have fast data storage system
B. high dark noise

C. must cool PDA to well below room temperature

D. diode saturates within a few seconds integration time

E. resolution not good, limited by # diodes/linear distance

F. stray radiant energy (SRE) is a killer
K. Used as detectors in Raman, fluorescence, and absorption

Charge Transfer Devices 

· Two-dimensional arrays of silicon integrated circuits, postage-stamp-size

· Typical pixel dimensions are 20 x 20 µm

· Both CCDs and CIDs accumulate photogenerated charges in similar ways but differ in the way accumulated charge is detected
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Charge Injection Devices (CID)

· Invented in 1973 by General Electric Corp.

· A CID sensing element can be thought of as two electrodes side by side

· One of the electrodes is biased so as to create a potential well near it

· When an incident photon creates an electron-hole pair in the sensor region, one member of the pair will be attracted to the well and held there

· n-doped Si used as charge storage region

· After exposure to light accumulated charge is moved from one electrode to the other

· Potential change caused by the change in charge stored on second electrode is measured

· Potential change is proportional to amount of stored charge and thus proportional to integrated light flux

· Charge sensing may be done non-destructively therefore can take repeated readings of same accumulated charge to improve S/N

Charge-Coupled Devices (CCD)
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· Invented in 1970

· Potential well formed by an electrode as in CID

· p-type material, however, used to store charges as electrons

· After exposure to light charge packets are transferred along the row to special low-capacitance readout diode

· Passage of charge induces a voltage change proportional to amount of charge

· Advantages over CID include:

A. Increased voltage change

B. Lowered reading noise

· Small pixels are not well-suited to ordinary dispersive spectroscopy

· "Binning" 

1. Aggregates charges formed in several detector elements into one element prior to readout
2. Yields increased detector sensitivity at a cost of resolution but elements are very small so loss of resolution can be minimized
· Summation is done on the chip rather than in memory after the readout, thus only one read operation required for all the pixels to be summed, thus lower readout noise per pixel is achieved
· Used in astronomy and low light situations: fluorometry, Raman, CZE, HPLC
Thermal Transducers
- phototransducers not applicable in IR due to low energy 

· Thermocouples

· Bolometers 

· Pyroelectric Transducers
F: Signal Processors and Readouts

· Photon Counting
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The silicon photomultiplier's photon counting capability for low-intensity light.
· Advantages:
· Improved signal-to-noise ratio
· Sensitivity to low radiation levels
· Improved precision for a given measurement time
· Lowered sensitivity to photomultiplier tube voltage and temperature fluctuations
· Detection method of choice in fluorescence, chemiluminescence, and Raman spectrometry
· Disadvantages:
· Required equipment is more complex and expensive
· Technique has not been widely applied for routine molecular absorption measurements in ultraviolet and visible regions
G: Fiber Optics

A. Properties of Optical Fibers:

· transmission of this light depends on the total internal reflection

B. Fiber-Optic Sensors

· optrodes- consist of a reagent phase immobilized on the end of a fiber optic

C. Fiber Optics for Time Discrimination among Signals- use strands of different lengths

· signal delay of 50 ns per 10 m of fiber that it transverses
H: Types of Optical Instruments

1. Spectroscope: uses human eye as a detector

2. Spectrograph: photographic emulsion used as detector

3. Spectrometer: has photoelectric readout

· Monochromator: one exit slit, Greek for "one color"

· Polychromator: multiple exit slits

4. Spectrophotometer: electronics takes ratio of two beams (%T), may be at same or different wavelengths, may be single beam or double beam

I: Principles of Fourier Transform Optical Measurements

1. Transforms data set from time domain to frequency domain
2. Advantages

· Throughput

· High resolving power

· Simultaneous detection of multiple wavelengths
3. Interferometers: are nondispersive

· Michelson: One moving mirror, one stationary mirror, one beam splitter
Albert Michelson was an American physicist who developed an outstanding reputation for his ingenious and precise experimental work. He was the first American to win the Nobel Prize in physics (in 1907). While still young, he developed a new instrument of unprecedented sensitivity, called an interferometer, to search for variations in the speed of light due to motion of Earth in the ether.
· Mach-Zender: two mirrors, two beam splitters, two pathways

· Fabry-Perot: thin dielectric film used as etalon
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